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ABSTRACT 
The development of the Lwnbar motor column was studied -z,n an 
Aust ra lian rrursupiaL, the tammar uXJ. Llaby (M:zc ropus eUJ enii), under both 
nor'TTUL an:i experimental conditions. The parameters studied included the 
time-course of neMJe growth into the hind.Limb in relation to muscle 
fopmation, including a comparison be-tween the 1.JC1.Llaby an:i the rat 
( Rattu.a noMJegicus), the time-course of neurom.L Loss in the Lumbar 
. 
Latero.L motor column, the dependence of motoneurons on the musculature 
of the Limb, and the -position within the spim.L cord occupied by neurons 
that innervate specific muscle groups. 
NeMJe bundles invade the calf muscles of the wLLaby by E26, and of 
the rat at El 5. In each anim:zl, neMJe inneMJation occurred on the day 
that muscle cleavage ws first obseMJed and, as indicated by electron 
microscopy in the rat, this l.JCl.8 shortly after the first clusters of 
myofibrils developed within muscle cells. 
At birth there WeT'e 27,017 (J: 144, n=J) motoneurons in the Lwnbar 
motor colwnn and this number fell to 11,618 (± 144, n=J) cells at 34-46 
days of age, indicating a loss of 5?,; of the motoneuron population. 
This Loss of cells ws accompanied by the appearonce of cells with 
pycnotic profiles within the motor column. The proportion of cell Loss 
l.JCT.s relatively constant along the Length of the colwnn between Ll and 
S2. After days 34-46 the motoneuron population continued to fall, such 
that only 6,776 (± 404, n=J) cells were present in the adult, 
representing a loss of 42% since days 34-46. Thus, motoneuron Loss in 
the uXJ.llaby ws biphasic. 
The dependence of motoneurons on their target tissue uXJ.s studied 
using a series of proxim:zl an:i distal, Lirrb amputations an:i by Labellirr; 
(xiv) 
ceiis that inne1'Vate muscies in the unoperated Limb, the caLf ard. foot 
of the unope-,.ated iirrb, OT' the T'emainirg peLvic -,.egion on the operoted 
side, by rrukirg seiective injections of horserudish peroxidase (HRP, 1oi 
w/v) into the appropr'ia.te Lirrb -,.egion. FoHowirg amputation at the 
proximaL thigh 63% of the motoneu-,.ons we-,.e Lost, whe-,.eas 25% of ceHs 
wero Lost afte-,. amputation at the knee. This indicates that the extent 
of ceU foss ws dependent upon the severity of the amputation. 
Each amputation caused the Loss of aU neurons in the do-,.soLateroi 
pan of the motor' coiwnn, whe-,.eas a significant nwnbeT' of ventrai ceHs 
ZJe1'e omy Lost foUowirg amputation at the proxinni thigh. This 
indicates that amputation rruy have caused the seiective Loss of ceiis 
that no1'm1Uy inne-,.vate the amputated muscLe. In addition, motoneu-,.ons 
that su-,.vived on the operated side invaded the -,.erriainirg peLvic muscLes 
on that side ard. did not invade the controLaterai iirrb. 
The Location of motoneu-,.ons that inne-,.vate four' specific -,.egions of 
the iirrb - the hip, the do-,.sai thigh, the ventrai thigh an:i the ca.if an:i 
foot - ws dete1'171ined by seiective fobeLLirg with HRP. Motoneu-,.ons that 
inne-,.vate the ventrai thigh muscies wero Located in the foterai pan of 
the moto-,. coiwnn and accounted fo.,. app-,.oxunateiy 40% of the motoneu-,.on 
popuLation. DoT'sai thigh ani ca.if ani foot motoneuT'OnB each contained 
about 2 5% of the totai popuLation and weT'e Located in the mediai and 
do-,.sai pa1'ts of the coiumn, -,.espectiveiy. GLuteai motoneu-,.ons 
1'ep-,.esented oniy 10% of the totai popuLation and we-,.e Located ventraiiy 
at the caudal end of the column. The position occupied by ceUs that 
inne-,.vate the calf and foot musculatu-,.e p1'ovided fu-,.the-,. evidence that 
these cells had been totalLy Lost folLowirg Lirrb amputation. 
ALL of these .,.eaul ts we-,.e discussed in relation to ceU death in 
both mamm.Lian ani non-TTIOJTDTIO.lian vertebra.tea, ani the possibility of 
(xv) 
usi113 the wl,l,aby as a roodeL fo..,. rrr::unma.Lian neural deveLopnent tins 
conside7'ed. 
(xvi) 
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1. 
CHAPTER ONE 
GENERAL INTRODUCTION 
2 . 
1. Historical Context 
An initial overproduction of neurons followe d by massive ce llu l a r 
degene r a t ion has become accep t ed as a normal fea t ure of de veloping 
nervou s sys t ems . Obse r va t ion s of t h is ph e nomenon as a no r mal pa rt of 
neural ontogeny have been made throughout the nervous system of a wide 
variety of vertebrates (Glucksman, 1951; Cowan, 197 3; Jacobson, 1978; 
Mark, 1980; Oppenheim, 1981). However, relatively little is known about 
the phenomenon of neuronal death in mammals due to the difficulties 
encountered when experimenting with animals in utero. Therefore, all 
but a few of the experiments aimed at resolving the underlying causes of 
neuronal death have been performed with non-mammalian vertebrates. 
Many of the current theories pertaining to neuronal death suggest 
that the long-term viability of neurons is dependent upon the presence 
o f their target tissue. The first report to sug g est that neurons were 
dependent upon the tissue which they innervate was that of Shorey 
(1909). After amputating the wing buds of chick embryos at 2.5 days of 
incubation, which is prior to their innervation, Shorey allowed the 
animals to survive until 3 to 8 days in ovo. The diameters of the 
brachial spinal cord, dorsal root ganglia and spinal nerves were then 
measured. Counts of the brachial motoneurons and sensory neurons 
revealed greatly reduced populations on the operated side. The 
depletion in neuronal numbers was regarded as being due to a reduction 
in mitosis, and therefore to a decline in neurobla st formation. Shorey 
( 1909) co n c lud e d th a t ne uro blas t forma ti o n was depe nde nt o n a flow o f 
lymph and that the lymph was derived from the limb no rmally innervated 
by the mature mot o ne uro n. 
Following on from Shorey's work, the general principles of the 
relationship between motoneurons and the limb were developed with 
. 
: 
3. 
observations of malformed human neonates. Curtis and Helmolz (1911) 
reported that a neonate with congenital absence of both forelimbs had a 
vastly depleted anterolateral spinal cord at the brachial level. 
Similarly, Romanes (1942) examined the lumbosacral spinal cord of a 
neonate with unilateral congenital absence of the limb below the knee. 
In this case, motoneurons in the dorsolateral part of the ventral horn 
were totally missing on the impaired side. 
Hamburger (1934) was the first to extensively quantify neuronal 
loss during development. Wing buds were extirpated from chick embryos 
after three days in ovo. After a further 2-10 days of incubation the 
dorsal root ganglia and spinal cords were examined for the presence of 
surviving neurons. The extent of cell loss in the lateral motor column 
was dependent on the amount of limb tissue removed. However, even after 
removing more than 90% of the muscle tissue, approximately 40% of 
lateral motoneurons still survived. No reduction was found in the 
number of neurons in the medial motor column (Hamburger, 1934). Thus, 
only motoneurons that normally innervated limb musculature were affected 
by the operation. 
From these results Hamburger (1934) concluded that "each part of , 
the peripheral field controls directly its own nervous center". In 
I 
doing so, he disputed the idea that the limb bud, as a whole, affected i 
the adjacent spinal segments in a general, non-specific manner. 
Instead, the survival and maturation of motoneurons was related to the 
muscles which they innervated and to the spinal interneurons with which 
they were associated. 
interaction between nerve 
Although Hamburger (1934) 
and muscle, the normal 
recognized the 
processes of 
development - to which all experimental data must be referred - were yet 
to be studied. 
I 
4. 
The importance of neuronal degeneration as a normal part of neural 
ontogeny was first recognized in a study of chick dorsal root ganglia 
formation by Hamburger and Levi-Montalcini (1949) . Sh or tly after the 
peak period of mit osis mass ive dege neration of the neurons occurre d. 
The resultant depletion of neurons reduced their population at 7 days in 
ovo to approximately 50% less than the peak value. Following unilateral 
wing bud extirpation, relatively little cell loss was observed while 
mitosis was in progress. Within a few days of the completion of 
mitosis, however, the population on the operated side was 50% less than 
that on the control side. Combining these results, they were able to 
correlate the timing of mitosis and normal neuronal loss with the 
neuronal depletion observed after limb extirpation. It appears that 
under these experimental conditions, neurons underwent normal mitosis 
followed by the degeneration of those that had lost their normal field 
of innervation. 
Prestige (1970), on the basis of his own and Hughes' work (1968), 
postulated that motoneurons alter their state of metabolic dependence 
upon the limb during development. This theory suggested that the 
factors which influence neuronal s4rvival alter during development. 
Experimental evidence in support of this idea arose from observations of 
the time-course of cell loss after unilateral limb amputations performed 
at different stages of development. Three phases of metabolic 
dependence were determined. Phase l occurred prior to the extension of 
axons into the limb and featured small cells which were unaffected by 
amputation until they had developed to Phase 2. Phase 2 could be 
recognized by the occurrence of small bipolar cells shortly after they 
had extended axons into the limb. These cells were highly reliant on 
the presence of the limb and disappeared within 2-3 days of the 
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amputation. The rapid loss of Phase 2 cells was accompanied by an 
excess of pycnotic nuclei in the motor column. At Phase 3 the cells had 
become larger and mo rphologically well developed. After limb amp ut a tion 
the ce lls continued to survive for periods ranging from a few weeks to 
several months. 
These observations, along with Hamburger's previous studies, were a 
significant landmark in the field. They refuted the previous notions of 
target control of mitosis and stressed the notion of changes in the 
interaction between nerves and their specific targets. In doing so, 
they laid the foundations for modern theories of neural development, 
which stress the idea of target control of naturally occurring cell 
death. 
There are several major theories which attempt to explain the 
function of naturally occurring cell death. Neuronal death has been 
related to simple competition for either synaptic sites or trophic 
factor (Cowan, 1973; Hamburger, 1977). This theory gives cell death the 
function of matching the number of neurons to the size of the target. 
Neuronal death has been related to the formation of physiologically 
appropriate neuromuscular connections. With this theory, neuronal death 
is thought to remove errors caused by inappropriate axonal projections 
(Hughes, 1965; Hughes and Prestige, 1967). Alternatively, appropriate 
connections may result because of the removal of physiologically 
inappropriate connections which are not necessarily projection errors 
(Bennett, 1983). It has also been suggested that neuronal death may 
occur because of an imbalance of afferent and efferent connections, and 
in particular that cells may be eliminated either if they do not have 
adequate sources of input and target tissue, or if they do not have a 
proper balance of input and target contact (Cunningham, 1982). 
6. 
2. Normal Development of Motoneurons 
(a) Motoneuron death 
A reduction in the size of motoneuron populations by a process of 
cellular degeneration has been reported t o occur during normal 
development in several vertebrates (Hughes, 1968; Hamburger, 1977; Mark, 
1980; Bennett, 1983). Hughes (1961) recognized the importance of 
cellular degeneration in neuronal death after observing the temporal 
course of viable and pycnotic motoneurons in tadpoles of Xenopus 
Laevis. The peak period of cell degeneration was found to correspond 
with a rapid decline in the number of viable neurons (Hughes and 
Tschumi, 1958; Hughes, 1961). 
Depletion of neurons in the lumbar and brachia! motor columns of 
chick embryos has also been reported (Hamburger, 1975; Oppenheim and 
Major-Willard, 1978; Pittman and Oppenheim, 1979). Approximately 40% of 
lumbar and 60% of brachia! motoneurons were lost between 6 and 10 days 
in ovo. The reduction in the number of motoneurons commenced after the 
final mitoses of ventral horn cells. Furthermore, motoneuron loss was 
accompanied by an increase in the number of recognizably degenerating 
neurons (Hamburger, 1948, 1975; Hollyday and Hamburger, 1977; Chu-Wang 
and Oppenheim, 1978a). 
The first report of naturally occurring cell death in a mammalian 
embryo was by Flanagan (1969). After counting motoneurons along the 
entire length of the spinal cord in mice, it was found that the 
population was reduced by 75% between the 11th and 15th days of 
gestation (Ell, El5). 
continued after E15. 
It is not clear from the data whether cell loss 
In a more comprehensive study, 677. of lumbar 
motoneurons were reported to be lost between El2 and El8 (Lance-Jones, 
1982). Even though the counts were continued for up to two weeks of 
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postnatal age, no further loss of cells was reported. In an earlier 
study a reduction of approximately 2Si. in the mo toneuron population wa s 
repo rte d t o occu r be tween bi rth a nd three day s postnatally . At th is 
s t age the popul a ti on was r e po rt e d t o ha ve s t a b i l ized (Romanes , 194 6) . 
Motoneuron depletion has also been found at brachial and thoracic 
levels in the rat. Approximately 23% of motoneurons were reported to be 
lost from thoracic segments between El6 and E21. An even greater loss 
of 75% was reported for ventral root axons at the fifth cervical segment 
(CS) between ElS and E21 (Harris and McCaig, 1984). This loss seems to 
continue until at least 6 days postnatally (Nurcombe et al., 1981). 
Estimates of the number of motoneurons based on counts of ventral root 
axons must be taken with caution. While the number of lumbar ventral 
root axons corresponds to the number of lumbar motoneurons in chick 
embryos (Chu-Wang and Oppenheim, 1978a), and there are no autonomic 
fibres present at CS (Fraher, 1974), it is possible that at least some 
motor axons branch before passing through the ventral roots. It is also 
possible that some axons arising from sensory ganglia may innervate 
spinal neurons via the ventral rather than the dorsal roots, as occurs 
in adult cats (Coggeshall et al., 1973; Light and Metz, 1978). 
There are several reports of a prolonged period of motoneuron death 
in postnatal rodents (Tada, et al., 1979; Rootman et al., 1981; Baulac 
and Meininger, 1983). These indicate a gradual reduction in the 
motoneuron population, which is perhaps the result of some me chanism not 
i nv o lve d during c e ll de pl e ti on a t ea rl y s t ages of neu r a l ont oge n y . 
Gr a dual depletion of cells from the motor columns, after the early 
developmental phase of cell death, has not been reported in non-
mammalian vertebrates. However, experiments aimed at determining the 
period of embryonic cell death usually do not involve counts of the 
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motoneuron population at long periods after the apparent plateau in cell 
numbers which occurs after this developmental phase. It is, therefore, 
most likely that any gradual reduction in cell numbers would not be 
noticed unless cell counts were performed in adult spinal cords. 
(b) Mitosis and cell migration 
Somatic motoneurons undergo mitosis from germinal cells of the 
ventricular layer of the neural tube. This mitosis does not appear to 
be controlled by any action of the limb musculature (Prestige, 1970; 
Hamburger, 1977). The neuroblasts migrate to a ventrolateral position 
where they accumulate, giving rise to the spinal motor columns. The 
earliest neuroblasts settle adjacent to the germinal cells of the basal 
plate. Later arriving cells migrate past those already present and 
settle at more lateral locations (Hamburger, 1948; Prestige, 1973; 
Nornes and Das, 1974; Hollyday and Hamburger, 1977). Thus there is a 
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pattern to the terminal mitosis and migration of neuroblasts within the 
cord. Rostral levels tend to form prior to caudal levels. Similarly, 
the basal plate of the ventricular layer gives rise to ventral horn 
neurons before the dorsal horn cells migrate from the apical plate. 
Finally, within the ventral horn there is a mediolateral gradient in the 
settling of cells. 
Terminal mitosis in the brachial and lumbar motor columns of the 
chick embryo appears to be completed prior to the commencement of cell 
death (Hamburger, 1948, 1975; Hollyday and Hamburger, 1977; Oppenheim 
and Major-Willard, 1978). In Xenopus laevis caudal motoneurons appear 
to undergo terminal mitosis after the commencement of cell death at more 
rostral levels of the lumbar motor column (Prestige, 1970, 1973). Since 
rostral motoneurons innervate proximal limb musculature, these 
observations signify that there may be a temporal pattern of cell 
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degeneration of motoneurons which normally innervate proximal or distal 
muscles within the limb. 
(c) Axon projection 
Prior to the commencement of cell death, most motoneurons 
differentiate and project axons into the limb (Prestige, 1970, 1976; 
Chu-Wang and Oppenheim, 1978a, b; Oppenheim et al., 1978; Lance-Jones, 
1982). After cell death and under normal conditions, each limb muscle 
is innervated by a group of motoneurons found clustered together in the 
spinal cord. These clusters are referred to as motoneuron pools 
(Romanes, 1946, 1951; Cruce, 1974; Landmesser, 1978a; McHanwell and 
Biscoe, 1979; Hollyday, 1980; Nicolopoulos-Stournaras and Iles, 1983). 
A controversy has arisen as to whether motoneuron pools initially 
innervate their appropriate muscle or whether motor axons project 
diffusely into the limb - with the inappropriate connections being lost 
by cell death. Hughes and Prestige (1967) observed the movements of 
Xenopus l,aevis hindlimbs after electrical stimulation of spinal nerves 
and reported that the initial movements were uncoordinated. These 
uncoordinated movements were purported to be lost during cell death. 
Pettigrew et al,. (1979) also suggested an initial diffuse axonal 
projection to the chick forelimb musculature on the basis of electrical 
stimulation of spinal nerves and the labelling of motoneurons after 
injections of horseradish peroxidase (HRP) into the biceps brachii pre-
muscle mass. These results have been refuted in several laboratories in 
whi c h virtually a ll motoneurons were found to project into the 
'appropriate' muscle mass prior to the commencement of cell death (Lamb, 
1977; Landmesser, 1978b; Dennis and Harris, 1979; Lance-Jones and 
Landmesser, 1980a, b· 
' 
1981a, b, Dennis et al,., 1981). The results of 
Hughes and Prestige (1967) and Pettigrew et al. (1979) have been 
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challenged on three specific grounds. Firstly, electrical stimulation 
of spinal nerves may result in the spread of current to adjacent nerves 
(Lamb, 1983). Secondly, immature myotube s are electrically coupled , 
wh ich may bias the findings of electrophysiological experiments (Dennis 
et al., 1981). Thirdly, HRP injected into a pre-muscle mass may be 
retrogradely transported by growth cones that are destined to innervate 
more distal lll.lsculature, as well as by axon terminals within the 
specified pre-muscle mass (Tosney and Landmesser, 1985). 
On the scale of individual muscles recent experiments with amphibia 
and mammals indicate that some nerve terminals which invade the 
appropriate muscle may form connections with inappropriate parts of that 
muscle (Bennett and Lavidis, 1982, 1984). These diffuse connections are 
lost during the phase of cell death. In neonatal rats the loss of 
diffuse projections corresponds to the time-course of 
polyinnervation of neuromuscular junctions (Redfern, 1970). 
loss of 
It is not 
clear, however, whether the loss of polyinnervation in the rat is due to 
cell death or to the retraction of axon collaterals by healthy 
motoneurons. Observations of muscle nerves in neonatal rats, with an 
electron microscope, have failed to detect any degenerating axons during 
the period of loss of polyinnervation (Korneliussen and Jansen, 1976; 
Rosenthal and Taraskevich, 1977). However, even though degenerating 
axons are clearly visible in the ventral roots of chick embryos during 
the peak period of cell death (Chu-Wang and Oppenheim, 1978b), it is 
feasible tha t a smaller number of deg ene r a ting fibres, within muscles 
nerves, may not be detected. 
(d) Patt e rn of limb and nerve development 
Motoneurons send axons into the ventral roots soon after their 
migration into the ventral horn (Hughes, 1965; Prestige, 1967; Chu-Wang 
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and Oppenheim, 1978b). Small nerve bundles then grow to the base of the 
undifferentiated limb bud. Shortly afterwa rd s , ne rve bundl es 
co rr esponding t o the sc i a t ic and f emo r a l ne r ves g r ow into the limb as i t 
seg r ega t es into do r sa l and ventral pre -mu sc l e masses . These pr e-musc l e 
masses undergo further segregation giving rise to i ndividual muscles 
(Romer, 1927; Taylor, 1943; Wortham, 1948; Hamburger, 1975; Lamb, 1976, 
1977; Bennett et al., 1983a). 
Muscle nerves branch from the main nerve trunk and project into the 
individual muscles soon after cleavage of the pre-muscle masses 
(Hamburger, 1975; Bennett et aL., 1983a). Shortly afterwards, nerve 
terminals form immature but functional synapses with the developing 
muscles (Kelly and Zacks, 1969a, b; Landmesser and Morris, 1975; Dennis 
et al., 19 81 ) • At this stage, muscle cells exhibit contractile 
properties and neuronal death commences. 
Embryonic muscle forms as a result of the fusion of myoblasts along 
the axis between the origin and insertion of each muscle (Romer, 1927; 
Wortham, 1948). 
primary myotubes. 
The earliest muscle fibres may be referred to as 
This population of uuscle fibres is very small 
relative to the total number of fibres present in adult muscle, but they 
appear to play a very important role during development. Primary 
myotubes appear to act as templates for the formation of later myotubes 
(secondary myotubes) which can initially be observed as smaller fibres 
located in close apposition to the primary myotubes (McLennan, 1983a). 
In amph i bia a nd a ve s, neuronal de ath commences a t a ve ry early s tage of 
limb developme nt (Hughes, 1968; Hamburger, 1977). Motoneuron death is 
completed before the formation of secondary myotubes and therefore prior 
to the formation of more than 95% of the muscle mass (McLennan, 1982, 
1983a). In chick embryos, at least, rruscle fibres continue to be 
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polyinnervated after the completion of cell death (Oppenheim and Major-
Willard, 1978). 
I n mamma l s , th e t e mp o r al pa tt e r n of nerve a nd limb developmen t is 
less c l ea r. The la tt e r s t ages of mo t o neu r on dea t h in t he b r achial mo t o r 
column seem to overlap temporally with initial stages of the l os s of 
polyinnervation (Redfern, 1970; Rosenthal and Taraskevich, 1977; 
Nurcombe et al,., 1981; Bennett and Lavidis, 1984). Since cell death 
occurs both pre- and postnatally (Nurcombe et al., 1981; Harris and 
McCaig, 1984), perhaps cell death commences in some motor pools 
prenatally and continues within others after birth; or perhaps there are 
two phases of cell death in mammals. An earlier phase may be associated 
with the initial contacts between neurons and primary myotubes, whilst a 
later phase may be associated with the refinement of connections and may 
result in the loss of polyinnervation. 
to clarify this point. 
(e) Conclusions 
Further observations are needed 
On the basis of observations of normal development, several points 
can be made about the current theories of neuronal death. With regards 
to the amount of muscle tissue available, cell death appears to continue 
even while the muscle mass is increasing (McLennan, 1983a). Since 
secondary myotube formation does not commence until neuronal death is 
nearly completed, it seems that motoneurons are dependent on some 
interaction with primary myotubes (McLennan, 1982). Most axons take a 
s pec i f i e d pathway a nd inne rvate their a ppropriate mus c le pri o r t o the 
c omme nce ment of cell death. However, it is possible that neurons 
c ompete for synaptic sites, growth factor or physiologically appropriate 
connections within the appropriate nuscle. While the series of 
developmental events can be temporally correlated in aves and amphibia, 
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we need a nuch ioore comprehensive understanding of the developing 
mammalian nervous system. 
3. Motoneuron Development Under Abnormal Conditions 
(a) Effects of reduced target size 
Since the experiments of Shorey (1909) and Hamburger (Hamburger, 
1934; Hamburger and Levi-Montalcini, 1949), the phenomenon of neuronal 
loss after limb bud amputation has been studied in several 
laboratories. Excessive neuronal loss has been found in the motor 
columns and spinal ganglia of amphibia (Stultz, 1942; Beaudoin, 1955; 
Hughes and Tsuchumi, 1958; Hughes, 1962; Fortune and Blackler, 1976; 
Bibb, 1977, 1978), chick embryos (Barron, 1948; Hamburger, 1958) and 
fetal rats (Hall and Schneiderhan, 1945; McLennan and Hendry, 1981). 
The excessive cell loss after limb bud extirpation appears to be 
due to neuronal degeneration. The pattern of neuronal degeneration has 
been observed in the motor columns of chick embryos and Xenopus laevis 
under normal conditions and after limb bud extirpation. Hamburger 
(1958) and Hughes (1962) both found an excess of pycnotic neuronal 
profiles on the operated side of the spinal cord. This period of 
increased pycnotic profiles corresponded to the period of massive 
depletion of the motor column. Furthermore, similar to the cell loss in 
spinal ganglia (Hamburger and Levi-Montalcini, 1949), the depletion of 
motoneurons after limb amputation did not commence until after the final 
mitosis and neuronal differentiation (Hamburger, 1948, 1958; Hughes, 
1968; Oppenheim et al., 1978). 
Motoneurons in aves and amphibia appear to be dependent upon the 
specific muscle mass which they normally innervate. Deletion of a 
discrete group of limb muscles prior to their innervation causes the 
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selective and total loss of the motor pools by which they are normally 
innervated. Motor pools that innervate the remaining limb musculature 
appear to undergo their normal degree of cell death (Lamb, 1981b; Lance-
Jones and Landmesser, 1981b; Laing, 1982; Whit elaw and Holl yday, 
1983a). Following injections of HRP into partially removed limbs 
before, during and after the normal period of cell loss, it appears that 
virtually all of the motor axons initially project into the limb. There 
follows a selective loss of motoneurons whose normal target is missing 
(Lamb, 1981b). 
(b) Effects of an enlarged target 
Following early observations that amputation of a limb caused a 
reduction in the number of motor and sensory neurons (Shorey, 1909; 
Hamburger, 1934), experiments were performed in an attempt to increase 
neuronal numbers. Hamburger (1939) transplanted wing bud primordia from 
donor chick embryos, at three days of incubation, to hosts so that the 
hosts developed one or two additional wings on the implanted side. 
Bueker (1945a) performed similar experiments by transplanting hindlimb 
primordia in tadpoles of Rara pipiens. In each set of experiments more 
motoneurons survived on the implanted side but only some 20% more rather 
than double or triple the number. 
These experiments were repeated almost four decades later. By this 
time it had been recognised that early neuronal differentiation occurred 
without any influence from the limb and that neuronal death was a major 
feature of development (Hamburge r and Levi-Montalcini, 1949; Hughes and 
Tsuchumi, 1958; Hughes, 1961, 1962; Prestige, 1970; Hamburge r 1975). 
The appreciation of neuronal death had given rise to the theory that 
neuronal survival was dependent upon successful competition for synaptic 
sites or for some trophic factor from the periphery (Cowan, 1973; 
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Jacobson, 1978). The results of the supernumerary limb experiments 
were, however, similar to those previously reported. The rise in the 
number of cells on the supernumerary side rarely exceeded 20%, even when 
more than double the normal amount of limb tissue was present (Hollyday 
and Hamburger, 1976; Lamb, 1979b). 
It appears that both experimental and naturally occurring 
supernumerary limbs become functionally innervated. Normal movements 
were reported for some supernumerary limbs during swimming. In 
addition, muscle nerve action potentials and muscle twitches could be 
evoked by electrical stimulation of the spinal nerves (Hollyday and 
Mendell, 1976; Morris, 1978; Lamb, 1979b). Motoneurons which innervated 
the nusculature of rostrally positioned grafted limbs were located 
rostral to those which innervated the synonymous muscle of the normal 
limb. They appeared to occupy a similar mediolateral position as the 
normal motoneuron pools, but varied in their rostrocaudal displacement, 
depending on the level at which the foreign limb was implanted (Hollyday 
et al., 1977; Morris, 1978; Rubin and Mendell, 1980; Hollyday, 1981). 
Thus under normal or supernumerary conditions, lateral motor pools 
always innervated muscles originating from the dorsal muscle mass, and 
medial motor pools innervated muscles of ventral origin within the limb 
(Hollyday, 1981). The rostrocaudal position of the grafted limb most 
probably determines the location of an abnormal nerve branch from the 
lumbar plexus. This in turn would determine the position of motoneurons 
that innervate the grafted limbs. 
Doubling the size of the target tissue did not double the extent of 
neuronal survival. Therefore, under these conditions there was not a 
direct correlation between target size and neuronal survival. However, 
perhaps the reason that such a small excess of cells survived was that 
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nerves might not have the capacity to take the grossly aberrant pathways 
which would have been necessary if they were to invade the additional 
limb. On e intere sting feature of these e xpe r iment s was th a t ne uro ns 
whi ch did s urvive a ppe are d t o be able t o fo nn functio na l a nd s t a ble 
' 
synapses with ouscles which they did not normally innervate. This 
particular observation led to the suggestion that a 'hierarchy of 
selective chemoaffinities' exists in the selection of neuronruscular 
connections (Hollyday et al., 1977; Hollyday, 1981). 
(c) Effects of deleted spinal segments 
An alternative method of increasing the amount of limb tissue 
available to each motoneuron - and therefore to reduce competition for 
peripheral synapses is to remove part of the spinal cord. This 
procedure has been used in Xenopus laevis (Lamb, 1979a) and chick 
embryos (Bennett et al., 1979; Lance-Jones and Landmesser, 1980a) in 
which selected spinal segments were removed prior to the commencement of 
cell death. After the period of cell death, the muscles whose normal 
innervation had been removed were left without any innervation, while 
other limb muscles including those in distal parts of the limb received 
their normal innervation. Thus, motoneurons that failed to innervate 
their segmentally appropriate muscles were unable to successfully 
innervate the uninnervated muscle despite the lack of competition from 
normally appropriate neurons. 
These observations are further evidence that motoneurons do not 
compe t e f o r sy na pti c s it es pe r> s e , or for a limit e d a mount of so me 
gene r a li ze d tro phi c fa ct o r. It also indica tes tha t mo t o ne ur o ns do no t 
pro ject axons diffusely to various muscles within the limb with survival 
being dependent upon competition for the most appropriate connections. 
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(d) Bilaterally innervated limbs 
In a further attempt to test the role of peripheral c ompetition in 
mo t o n e uron d e ath, La mb (198 0 , 19 8 1c ) induced motone ur o ns t o p r ojec t int o 
th e contra l a tera l hindlimb a ft e r amput a ti o n o f t he ipsi l a t e r a l lim b in 
Xenopus iaevis. At the completion of cell death the size of the 
motoneuron population on either side of the cord tended towards 
normal. It appears that cont ralateral neurons were able to project 
across foreign territory into the lumbar and crural plexuses from which 
they followed apparently normal pathways into the limb bud. Once in the 
limb, nerve terminals from contralateral motoneurons innervated muscles 
which were appropriate for their segmental position within the spinal 
cord. The same muscles were also innervated by ipsilateral motoneurons 
from the same spinal level. 
These observations seemed to indicate that the amount of available 
limb tissue did not determine the number of surviving motoneurons and 
therefore that motoneurons do not compete for either a limited amount of 
growth promoting substance or a limited number of synaptic sites. 
However, these results also raise several questions. Was there an 
increase in the number of synaptic sites located on each muscle fibre? 
Was there a reduction in the size of the motor units? Did the size of 
the muscle or the number of muscle fibres increase? 
In an attempt to answer some of the questions Denton and co-workers 
(1985) measured a variety of parameters including muscle twitch and 
t e t a ni c t e n s i o n s , a nd the numbe r o f syna pti c s it e s o n e a ch mu sc l e f ibre 
as determine d histolog ically after staining teased muscle fibres for the 
Pre sence of acetylcholinesterase. It was reported that a fter 
metamorphosis each muscle contained approximately the normal number of 
muscle endplates but that the size of each motor unit was reduced by 
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half. In order to attempt to determine how a single limb can maintain 
double the normal number of motoneurons, it is essential to know the 
numbe r of e ndpl a t es a nd the size of mo t o r un i t s during the phase o f ce ll 
dea t h . In addi t ion, it i s essential t o de t ermi ne whethe r o r not the 
bila terally inne rva ted limbs are larg er, in terms of size and the number 
of muscle fibres, than normal during the phase of cell death. However, 
it appears that each muscle was able to maintain more than the normal 
complement of motoneurons, as long as they a re segmentally appropriate 
to the muscle. While additional observations are needed, these results 
further refute the notion of simple peripheral competition. 
(e) Conclusions 
The long-term viability of motoneurons in aves and amphibia is 
specifically dependent upon the muscles which they normally innervate. 
The essential fe a ture of the limb is, however, not clear. Experiments 
which involve the extirpation of target tissue are normally interpreted 
in terms of the loss ·of target tissue. However, under such conditions 
motoneurons ma y al s o lose their sensory input and their contact with 
non-neuronal cells along a large section of the pathway to the target 
tissue. In Xenopus Laevis, it appears that the mass of the muscle is 
not the principle factor in regulating cell numbers since a single limb 
of normal mass can sustain up to twice the normal number of motoneurons 
(Lamb, 1981c). Overall the observations summarized above indicate that 
some form of specific recognition occurs between motoneurons and early 
mus c l e fibres, whi c h may be in the form o f chemical or physiol og ical 
re cog nition, but that motoneuron de a th is not dependent on competition 
fo r a g ive n ma ss. 
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4. Neuronal Growth Factors 
The metabolic interaction between nerves and the limb is essential 
for the long t erm viability of motoneurons (Hughes, 1968; Prestige , 
1970; Hamburger, 1977). It is well accepted that nerve g r owth promoting 
substances have a role in neural development (Levi-Montalcini and 
Angeletti, 1968; Cowan, 1973; Varon and Bunge, 1978; Varon and Adler, 
1980; Thoenen and Barde, 1980). Trophic substances may influence 
neuronal survival at any stage during the cell cycle. They may affect 
cell proliferation, neurite extension, guidance of growth cones, target 
recognition, or the growth and maturation of neurons (Johnston and 
Wessells, 1980; Varon and Adler, 1980). The following sections discuss 
the trophic factors which may influence neurons at the time of naturally 
occurring cell death. 
(a) Nerve growth factor 
The only diffusable nerve growth promoting substance which has been 
isolated and examined extensively is nerve growth factor (NGF). NGF was 
initially identified by its effect on the proliferation of neurites and 
on the growth of sympathetic and sensory ganglia (Levi-Montalcini and 
Hamburger, 1951, 1953; Levi-Montalcini and ' Booker, 1960; Cohen, 1960). 
NGF has since been found to be essential for the metabolic competence 
and morphologic viability of sympathetic and sensory neurons but not of 
motoneurons (Levi-Montalcini and Angeletti, 1968; Thoenen and Barde, 
1980). The action of NGF may, however, be used as a model for the way 
in which similar g rowth factors may operate in the development of 
motoneurons. 
Sympathetic ganglia undergo a period of neuronal loss similar to 
that of the motor and sensory systems (Cowan, 1973; Hendry and Campbell, 
1976). NGF appears to mediate neuronal survival in both the sympathetic 
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and sensory systems. The naturally occurring loss of cells from 
sympathetic and sensory ganglia can be prevented by the administration 
of NGF ( He ndry a nd Ca mpbe ll, 1976; Carr a nd Simpson, 197 8 ; Ha mburge r et 
a L, 1979). Simil a rl y , the e xc e ssive l oss of s ympathet ic o r senso r y 
neurons induced by axotomy of the post-ganglionic nerve or by removal of 
the target tissue can also be prevented with NGF (Hendry, 1975; Dibner 
et al., 1977; Hamburger and Yip, 1984). 
The survival of sympathetic and sensory neurons appears to be 
dependent on NGF for only a brief period of development. Chronic 
administration of anti-sera to NGF has been found to induce almost total 
loss of sympathetic neurons in prenatal and neonatal, but not in adult 
animals (Levi-Montalcini and Angeletti, 1968; Angeletti et al., 1971; 
Hendry and Campbell, 1976; Gorin and Johnson, 1979). Similarly, sensory 
neurons appear to become dependent on NGF after 8 days in ovo, shortly 
after forming initial contacts with the target tissue. They remain 
dependent on NGF until about day 17. This is illustrated by 
observations that cultures derived from embryos after this age are not 
affected by the absence of NGF (Winick and Greenberg, 1965; Greene, 
1977; Barde et al., 1980; Thoenen and Barde, 1980). 
Indirect evidence has been put forward to suggest that NGF is 
derived from neuronal target tissue. Neurites grow towards excessive 
amounts of exogenous NGF, and NGF administered near the terminals of 
s ympathetic or sensory neurons is retrogradely transported to the 
gang lia (Le vi-Mont a l c ini a nd Ang el e tti, 1968 ; He ndr y et al., 197 4 ; 
I ve r se n et al., 1975; Schwab, 1977; Brunso-Bechtold a nd Hamburger, 
1979). However, it h a s not be en demonstrated tha t NGF is synthesized 
and released by target cells. Indeed, after denervation of the iris, 
and using immunohistochemistry, NGF has recently been located in Schwann 
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cell processes but not in smooth muscle cells (Rush, 1984). It is not 
clear, however, whether Schwann cells synthesize NGF or act as a s ite of 
s t o r age af t e r i ts sec r e ti on by o the r cells . 
NGF a ppe ars t o be ess e nt ial fo r the s urvival of imma t u r e neuro n s 
within sympathetic and sensory ganglia. Since excessive amounts of NGF 
can enhance neuronal survival, it seems unlikely that neurons are 
programmed to degenerate irrespective of environmental influences. 
These observations support the idea that neurons compete for a limited 
amount of trophic factor, but the source of NGF under normal conditions 
remains to be found. 
(b) Growth factors from skeletal muscle 
Some diffusable substances derived from striated muscle can promote 
motoneuron survival in vitT'O. Explants of chick ciliary ganglia will 
survive and extend neurites in the presence of such substances (McLennan 
and Hendry, 1978; White and Bennett, 1978; Bennett and Nurcombe, 
1979). Similar results have been found when explants of chick spinal 
cord are cultured in the presence of skeletal muscle or skeletal muscle 
conditioned media (Bennett et aL., 1980b; Nurcombe and Bennett, 1982). 
It appears that growth promoting macromolecules obtained from skeletal 
muscle, and injected into the eye, can be retrogradely transported to 
the chick ciliary ganglia (Hendry and Hill, 1980). These observations 
support the theory that neuronal survival is dependent upon some trophic 
s ubstance derived from the targ et tissue. However, a substance that 
pr o longs the su rvival o f moton e uro ns in culture may o r ma y no t ha ve 
r e levan ce to naturally occurring motoneuron death. For this reason and 
because the subject is not well advanced I will not review it here. 
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(c) Non-neuronal support cells 
Throug hout their development and maturation, neurons are in close 
association with non-ne uronal cells such as as trocytes and Sc hwann 
ce lls . As trocy t es , wh ich ha ve processes i n close a pposi ti on t o 
capillaries and neurons, may have some nutritive role in the nervous 
system (Kandel and Schwartz, 1981). Varon et al. (1973, 1974) have 
shown that sensory ganglia obtained from neonatal mice will survive in 
the presence of glial cells and without the addition of NGF, but not in 
the presence of NGF when all non-neuronal cells have been removed. They 
suggested that immature neurons may receive trophic support from glial 
cells. Endogenous NGF has been localized within Schwann cell processes 
but not smooth auscle cells of the denervated iris (Rush, 1984), 
although the site of NGF synthesis and secretion is still not clear. 
Recently it has been reported that identified chick motoneurons will 
extend neurites when cultured in the presence of immature but not mature 
astrocytes (Eagleson et al., 1984). These latter findings correlate 
well with the accepted observations that motoneurons survive in vivo for 
a brief time in the absence of limb tissue (Hamburger, 1934, 1958; 
Prestige, 1970). 
These observations indicate that neurons may need trophic factors 
other than those derived from the target tissue. However, since these 
factors are normally always present - even after extirpation of the 
targ et tissue - it seems that they do not have a controlling influence 
dur i ng natura lly o c curring ce ll death. 
(d) Conclusions 
Prior to the onset of cell death, motoneurons seem to be maintained 
by factors outside the limb. These factors may include glial-derived 
trophic substances. Based on the model of NGF, it appears that neurons 
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enter a phase of dependency on trophic substances which may be derived 
from their target tissue. It is not clear whether neurons compete for a 
limited amount of trophic factor, or whether some neurons may ha ve 
better ac cess to the trophi c substance. Access t o targe t-derived 
trophic factors, under normal conditions, may be a result of target cell 
recognition or perhaps of some other physiological compatibility that 
results in local release of the trophic factor. 
5. Muscle Activity and Neuronal Death 
Chronic paralysis of an embryo with a neuromuscular blocking agent 
has been found to prevent neuronal death in aves and amphibia. For this 
to occur paralysis must be commenced prior to the onset of normal cell 
death, and the effect continues while paralysis is maintained (Laing and 
Prestige, 1978; Pittman and Oppenheim, 1978, 1979; Creazzo and Sohal, 
1979; Oblek, 1980). 
The increase in motoneuron survival is accompanied by changes to 
the muscle fibre population and to nerve-muscle contacts. Primary 
myotubes continue to undergo morphological differentiation, albeit at a 
slower rate than normal, but secondary myotube formation is totally 
eliminated (Harris, 1981a; McLennan, 1983b). This results in an 
a trophic muscle mass (Sohal et al., 1979). According to Hamburger's 
(1934) original theory, which directly related neuronal survival to the 
mass of target tissue, it would be predicted that neuronal death should 
have increase d with a n a tro phied t a r ge t tissu e . This was c l ea rly no t 
the case . Pittma n and Oppenheim (1978) performed a series of limb bud 
extirpations in paralysed chick embryos in order to test whether or not 
survival had been evoked by some central action of the paralysing 
agent. This evoked an almost total loss of motoneurons similar to that 
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seen after amputation of the limb in non-paralysed animals (Hamburger, 
1977). Thus cell survival during paral ys is appears to be indu ced by the 
atrop hi ed ti ss ue within the limb. An explanation fo r this seeming 
anomaly may be that motoneurons are maintained by p r imary myotubes , 
which continue to develop whilst the formation of secondary myotubes 
is retarded by chronic paralysis (Harris, 1981a; McLennan, 1983a). 
Each paralysed muscle fibre appears to have a single cholinesterase 
staining motor endplate (Harris, 1981b) and a corresponding single 
cluster of junctional acetylcholine receptors, as under normal 
conditions (Braithwaite and Harris, 1979; Harris, 1981c; Ziskind-Conhaim 
and Bennett, 1982; Creazzo and Sohal, 1983). There also appears to be 
an increase in the number of extra-junctional acetylcholine receptors 
which are found scattered along the muscle fibre membrane (Giacobini et 
aL, 1973; Pestronk et aL, 1976; Harris, 1981c; Ziskind-Conhaim and 
Bennett, 1982; Creazzo and Sohal, 1983). However, since nerve-muscle 
contacts only form at the site of the motor endplate (Harris, 1981b, c), 
it seems unlikely that the ext ra-junctional receptors affect neuronal 
survival. While the number of motor endplates on each muscle fibre does 
not increase during paralysis (Harris, 1981b) each endplate does appear 
to be innervated by more than double the normal number of axon terminals 
(Sohal et al., 1979; Sohal, 1981). It is unclear, however, whether the 
increase in the number of terminals is due to axonal sprouting or to 
innervation by more than one motoneuron. 
Chronic electrical stimulation of avian muscl e ne rv es o r treatme nt 
with the acetylcholinesterase inhibitor, neostigmine, causes an increase 
in muscle activity which is associated with an increase in motoneuron 
death when compared with controls (Oppenheim and Nunez, 1982; Boydston 
and Sohal, 1983). This effect is the opposite to that which results 
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from paralysis (Laing and Prestige, 1978; Pittman a nd Oppenheim, 1978, 
1979; Creazzo and So ha l, 1979; Oblek, 1980). In add ition, chron i c 
treatmen t with ne ostigmine causes a reducti o n in th e number of both 
junc tional a nd extra-junc t ional ace t ylcholine r ece pt o r s without causing 
a ny change in the number of nerve-muscle contacts at each end plate 
(Sohal and Boydston, 1982). Thus under conditions of excessive motor 
activity, there is a reduction in the numb e r of motoneurons associated 
with a reduction in the number of motor end plates. In contrast, under 
normal conditions motoneurons are lost without a reduction in the 
endplate population. Nevertheless, it is possible, indeed quite likely, 
that contact between a motoneuron and a motor e ndplate is one of the 
essential feature s of motoneuron survival. 
The mechanism by which paralysis alters neu r onal survival remains 
unclear, but the evidence discussed in this sectiun indicates that some 
feature of developing primary myotubes is essential for neuronal 
survival. Perhaps the frequency and extent of muscle membrane 
depolarization, evoked by synaptic interaction at the motor endplate, 
causes changes in muscle membrane properties. These changes would most 
likely occur in the reg ion of the motor endplate and may involve changes 
in cell surface molecules or to the release of trophic factor. 
6 . Role of Afferent Input in Cell Death 
Until r ecently the rol e of afferent input in motoneuronal death has 
bee n disregard e d by most aut hors . It is therefore necessary to briefly 
r eview the s ubj ec t as it r e l ates t o neu r onal popu l a ti o ns in higher 
centres (Cunningham, 19 82) . 
Extirpation of the otocyst from a chick embyro after 2 . 5 days in 
ovo results in the populations of second order ne urons within nucleus 
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angularis and nucleus magnocellularis increasing in a similar manner to 
controls until day 11. By day 17 ~n ovo there is a reduction of up to 
40% in the numb e r of cells , and a co rresponding reduction in the volume 
of both nuclei . In add ition, the amputati on has r ela tively little 
effec t on a third cochlear centre, nucleus laminaris, which does not 
receive a direct input from the cochlear nerve (Levi-Montalcini, 1949; 
Parks, 1979). 
Simi la rly, deafferentation of the developing isthmo-optic nucleus 
of the Peking duck (Ams platyrhynchos) after 5 days ~n ovo, by 
unilateral ablation of the optic tectum, causes an 85% reduction in the 
neuronal population by day 25. As with other systems, this loss was 
observed after the normal period of cell death (Sohal, 1976). 
With regards to motoneurons, Okado and Oppenheim (1984) have 
reported an excessive loss of cells after transection of the spinal cord 
or removal of the neural crest in chick embryos. Interestingly, in most 
instances cell loss did not occur until after the normal period of cell 
death. However, the complexity of the neural pathways affected by such 
manipulations makes the results difficult to interpret. Removal of the 
neural crest is known to prevent the formation of dorsal root ganglia 
(Le Douarin, 1980; Le Douarin et al., 1981). In the absence of the 
dorsal root ganglia, muscle spindle formation may also be inhibited 
(Tower, 1932 ; Zelena, 1957; Eide et al., 1982). The absence of muscle 
spindles may affect the survival of ga mma -motoneurons by retrog rade 
actions . It is possible, theref o r e , tha t th e excessi ve l oss of ce ll s 
observed af t er r e moval of the neural crest was due to indirec t effec t s 
on lll.lscle spindles and gamma-motoneurons rather than to any direct 
effects of sensory neurons on motoneurons. 
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The temporal pattern with which afferent connections are formed is 
of the utmost importance to the question of cell death. Evidence from 
studies of chick embryo motility after transec ti o n o f the spinal cord 
indicate that long descending afferents do no t inf luence the motor 
pattern until after 9 days of incubation (Hamburger and Balaban, 1963; 
Hamburger et a'l., 1965; Oppenheim, 1972, 1975). At this stage the 
period of cell death is almost completed (Hamburger, 1975). 
Also with regard to the influence of descending pathways on cell 
death, Bueker (1945b) transplanted lumbar spinal cords from donor chick 
embryos at 2-3 days in ovo into a position adjacent to the normal spinal 
cord of similarly aged host embryos. It was reported that the 
motoneurons with the greatest access to the limbs were most likely to 
survive. There was no difference in the ability of motoneurons from the 
grafted or the intact spinal cords to survive, and thus, long descending 
pathways did not seem to influence motoneuron survival under these 
conditions. 
There is some evidence indicating that spinal sensory neurons also 
do not play a role in normal motoneuron death. Muscle spindle formation 
commences in hind limb nuscles of the rat embryo at El 9. 5 (Milburn, 
1973). This period is approximately four days after the formation of 
immature contacts between motoneurons and developing nruscle fibres 
(Peters and Muir, 1959; Kelly and Zacks, 1969a, b; Bennett and 
Pettigrew, 19 7 4). Considering that, in amphibia and aves, cell death 
commences shortly after neuromuscular contacts are made, it seems most 
likely that these events would occur in a similar temporal pattern in 
mammals (Hughes, 1968; Hamburger, 1977). Motoneuron loss in the rat 
appears to commence at some time between the establishment of 
neuromuscular contacts and muscle spindle formation (Harris and McCaig, 
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1984). Therefore, motoneuron death in the rat appears to commence, and 
be almost complete, before the formation of muscle spindles and 
presumably before the loss of sensory neurons that innervate mu sc le 
spi nd l es . 
Further evidence for the relatively late formation of muscle 
spindles can be derived from examination of the motility of chick 
embryos. Extirpation of the lumbar neural crest at 2 days in ovo does 
not appear to cause any changes in the motility of the hind limbs until 
after the 15th day 1-n ovo (Hamburger et al., 1966). Interestingly, 
Okado and Oppenheim (1984) did not observe any increased cell loss after 
neural crest removal until day 16 of incubation. 
It has been reported that ventral horn neurons receive their 
initial axo-somatic synapses prior to the period of cell loss (Oppenheim 
and Foelix, 1972; Oppenheim et al,., 197 S). It has also been shown that 
spinal interneurons are involved in the initial movements of the 
amphibian limb (Kahn and Roberts, 1982; Roberts and Kahn, 1982). 
Therefore it is possible that afferent connections onto motoneurons 
including the local spinal circuitry is involved in normal neuronal 
death. 
7. Conclusions and Aims 
The long-term viability of motoneurons appears to be dependent upon 
an interaction with target muscles. Shortly after the final mitosis, 
imma ture ne uro ns project axons into the developing limb. ln mo st 
i ns t a nces , a xons take a specified pathwa y and innervate the a ppro pri a t e 
limb musculature without making aberrant connections with inappropriate 
muscles. The formation of nerve-muscle connections is temporally 
associated with a change in the metabolic dependence of motoneurons. 
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They cease to be fully dependent on features outside the limb, and 
become dependent on cont a ct with their targ et tis s ue . The mot o r co lumn 
then unde rgoes a per i od of massive cellular depletion i n which the 
dege ne r a tion of ne urons whi ch have made contac t with limb mu s cul a ture 
results in the loss of up to 80% of rnotoneurons. 
This summary of major events during neuronal development is largely 
made possible by extensive investigations of embryonic forms of aves and 
amphibia. Whilst some very useful studies have been made of the 
embryonic mammalian motor system, these are widely scattered between 
different species, different parts of the motor column, and differing 
stages of development. Experimental studies of mammalian development 
are severely restricted since the initial phases of neuromuscular 
development occur in utePo. It is therefore the aim of this thesis to 
examine the development of the mammalian motor system within an animal 
whose embryonic development occurs after birth. For this purpose I have 
chosen an Australian marsupial, the tammar wallaby (MacPopus eugenii; 
Figure 1.1). 
This thesis will test the hypothesis that the development of 
motoneurons in the lumbar spinal cord of the tammar wallaby (M. eugenii) 
is guided by similar parameters to those that apply to the motoneurons 
of other vertebrates. These parameters include the concepts that the 
s ize of the motoneuron population is regulated by the occurrence of 
mass ive ce ll loss ; tha t cell los s comme nces s oon a ft e r neurons innerva t e 
the lim b mu scu la ture ; a nd tha t the l ong-t e rm viabil it y of mo t oneu r ons is 
de pe nd e nt upon cont a ct with the limb mus cul a ture . In the long -t e rm i t 
is hop ed that the wallaby will prove to be a useful model of mammalian 
development. 
Figure 1. 1: Photograph of an adult tammar wallaby (Macropus 
eWJenii). Scale bar= 0.2 m. 
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CHAPTER TWO 
AN ANATOMICAL COMPARISON OF THE DEVELOPMENT 
OF NERVES AND MUSCLES IN THE HINDLIMB OF 
THE WALLABY (MACROPUS EUGENII) AND THE RAT (RATTUS NORVEGICUS) 
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INTRODUCTION 
A common sequence of events seems t o occur in the development of 
avian and amphibian limbs. The limb initially appears as a bud 
containing a loose array of mesenchymal cells. Shortly afterwards, 
cells migrate into the limb bud from the somites (Searls, 1967), and 
aggregate into dorsal and ventral densities which are the precursors of 
the limb musculature (Romer, 1927). By this stage, axons have entered 
the spinal nerve and begun to grow towards the limb (Chu-Wang and 
Oppenheim, 1978b; Prestige and Wilson, 1980). 
After the initial aggregations of the ventral and dorsal pre-muscle 
masses, the cell masses also divide to give rise to proximal and distal 
pre-muscle masses. The distal pre-muscle masses are the precursors of 
the calf and foot musculature while the proximal cells give rise to the 
thigh musculature. Soon after the cleavage of individual muscles from 
the pre-muscle masses, the muscles are invaded by muscle nerves (Taylor, 
1943; Bennett et al., 1983a). These events in the formation of both the 
limb musculature and of the nuscle nerves occur in a proximodistal 
sequence. 
A period of neuronal death commences in both aves and amphibia soon 
after the initial neuromuscular contacts are made (Hughes, 1968; 
Hamburger, 1975). 
In fetal rats, rhythmic movements of the neck and forelimbs have 
been obser ved at El6 und er both normal conditions and in r esponse to 
tactile stimula tion (Angulo y Gonzales, 193 2 , 1935). Th is s tag e is 
shortly before the onset of neuronal death in the brachial spinal cord 
which begins by about El7 (Harris and McCaig, 1984). However, the 
sequence of nerve and muscle development has not been studied for the 
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limb musculature of the rat. Similarly, the order of limb development 
in the wallaby has not been previously studied. 
The aim of this chapter is, therefore, t o describe the growth of 
nerves in rel a ti on t o the formation of limb musculature in two mammals -
the wallaby (}J. eu:1enii) and the rat (Rattus nDT'Ve;Jicus). The 
observations of the wallaby represent the first in a series of 
experiments aimed at studying neuromuscular development in this 
species. The observations of the rat were made to give a basis for a 
detailed comparison of the results obtained in the wallaby to the 
pattern observed in a eutherian mammal. 
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MATERIALS AND METHODS 
1. Processing Fetal and Pouch Young Wallabies 
Hindlimbs of 12 wallabies aged between 21 days of gestation (E21) 
and 35 days postnatal were processed in order to describe the 
development of limb nusculature and its innervation. One of two 
procedures was used to determine the age of each animal. Animals at the 
day of birth (day O) or younger were staged according to the number of 
days of gestation. In this thesis day O refers to a stage 28 days after 
the induction of blastocyst development by the removal of a previous 
pouch young (Tyndale-Biscoe, 1973; Renfree and Tyndale-Biscoe, 1978). 
Older animals were staged by measuring the distance between the 
occipital pole and the midline symphysis between the right and left 
maxillae with the aid of vernier calipers. The age of each animal was 
then obtained by reference to standard growth charts (Murphy and Smith, 
1970; Renfree and Tyndale-Biscoe, 1978; Wood et al., 1981). 
All animals staged at day O and used in this thesis satisfied both 
of the above criteria. The one animal aged at E26 was born prematurely 
(by 26 days of gestation) and had a smaller head size than the animals 
at day O. 
(a) Fixation and dissection 
The procedures of anaesthesia, termination of the experiment and 
fixation varied depending on the age of the animal involved. Two 
prenatal wallabies were fixed in utero by trans ca rdiac perfusion of the 
mother with 2.5% glutaraldehyde in 0.9% saline. They were removed from 
the adult by performing a mid-line incision in the abdominal wall at the 
posterior part of the pouch. An incision was made in the abdominal 
muscles and they were separated to expose the ovaries and the two 
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lateral chambers of the vagina. 
access to the bi-chambered uterus. 
The ovaries were excised to allow 
In each case, the uterus which 
co ntained the embryo was easi ly identified by its l a r ge 
r e moval of the uterus, an incision was made in o rd er 
size. Aft e r 
to expose the 
internal chamber and the embryo within. The embryos and uterae were 
then post-fixed in 2.5% glutaraldehyde in 0.9% saline at 4°c for at 
least 18 hours prior to further processing. 
Pouch-young aged between E26 and 4 days postnatal were 
anaesthetized with ice, then either decapitated and fixed by immersion 
in alcoholic formalin (4 animals) or fixed by transcardiac perfusion 
with 2.5% glutaraldehyde in 0.lM phosphate buffer at 4°c and pH7.2 (2 
animals). Two animals older than 4 days were anaesthetized with 
intraperitoneal injections of Ketalar (ketamine, 20mg/kg body weight) 
and Rompun (xylazine, 2.5mg/kg body weight). 
The procedure for perfusing pouch-young was as follows. Each 
animal was given an intraperitoneal injection of 0.02-0.05ml heparin. 
The intercostal cartilage was removed with jeweller's forceps and 
scissors so as to expose the heart. Animals younger than 35 days were 
then perfused with fixative passed through the left ventricle using a 
26G needle attached to a 1, 5 or 10ml syringe. Animals aged between 35 
and 91 days were given an intracardiac injection of 0.05ml heparin, then 
perfused with 0.9% saline at 37°c followed by 2.5% glutaraldehyde in 
0.lM phosphate buffer (for recipe, see Appendix 1) at 4°c and pH7.2. The 
perfusion fluids were administered using a blunted 26G needle a tt ache<l 
to a 25ml syringe. The volume of fixative used ranged from 2U -4 Um l a nd 
the duration of perfusion varied from 5-15 minutes depending on the age 
of the animal. 
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Prior to further processing, one limb was removed above the hip 
from all animals with the exception of one pouch young at E2 l, three 
pouch young at day O and one pouch young at day 4. 
(b) Histological processing 
All specimens which contained entire half-bodies, including the 
limbs, were dehydrated in graded alcohols, cleared in toluene and 
embedded in 56°c melting point wax. These specimens were sectioned 
longitudinal to the orientation of the limb at 6um - lOum depending on 
the age of the specimen. Amputated limbs were dehydrated, cleared then 
embedded in either 56°c melting point wax or araldite. In either case, 
sections were cut transverse to the orientation of the limb. Wax 
sections were cut at between 6um and 15um thickness, while sections from 
tissue embedded in araldite were cut at 2um. 
Details of the staining procedures are given in Table 2.1. A 
single hindlimb of one · animal at 35 days of age was stained with picro-
Mallory 's t ri -stain and both hindlimbs of one animal at 4 days of age 
were stained with the Holmes' modified silver technique (Fraser Rowell, 
1963). The limbs of animals at E2 l, E24 and E26 were each stained as 
two series - one with cresyl violet, the other with haematoxylin and 
eosin. Limbs from animals aged between O and 3 days were stained with 
one or the other of the latter three stains. In addition, three limbs 
from postnatal animals were stained with toluidine blue. Haematoxylin 
and eosin proved to be the most useful of the above stains to use 
routinely in the identification of developing muscles and the 
development of innervation. 
(c) Drawings 
At each stage drawings were made of the developing nerves, limb 
musculature and cartilage using a camera lucida at a magnification of 
110. 
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Table 2.1: Staining procedures used for wallaby hindlimbs 
Age Numbe r of animals 
c.v. 
E21 1 1 
E24 1 1 
E26 1 1 
dO 3 2 
d3-4 2 1 
d9 1 
d35 1 
Total 12 6 
Abbreviations: C.V. 
Hand E 
Tri-stain 
Si 1 ve r 
Tol. blue 
E 
d 
Numbe r of limbs/stain 
Hand E Tri-stain Silver Tol. Blue 
2 
2 
2 
2 
1 1 
1 
1 
10 
Cresyl violet 
Weigert's haematoxylin and eosin 
Picro-Mallory's haematoxylin 
Holme's modified silver nitrate 
Toluidine blue 
embryonic day 
post-natal day 
1 
1 
1 
3 
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2 . Processing of Fetal Rats 
Hindlimbs of 2 1 rat fetuses aged between Ell and El6 were processed 
for light and electron microscopy. To obtain staged fetuses, animals 
were mated overnight and examined for the presence of vaginal plugs 
between 6.00am and 9.00am. The day on which the plug was found was 
classified as EO. In addition to the counting of embryonic days, 
staging was determined by the external morphological features as 
described by Angulo y Gonzales (1932). 
(a) Fixation and dissection 
Impregnated rats were anaesthetized with an overdose of Nembutal 
(pentobarbitone sodium, ) lOOmg/kg body weight) administered via an 
intraperi toneal injection. A laparotomy was performed to expose the 
fetuses which were removed from the uterus immediately prior to 
fixation. 
Three fetuses from each litter were processed for araldite 
embedding; the hindlimbs of these were removed at the hip and the limbs 
fixed by immersion in a solution of 3.0% glutaraldehyde (E.M. grade) 
with 0.5% dimethylsulphoxide in O.lM phosphate buffer at 4°C and 
pH7.4. The tissue was post-fixed for 4 hours in the same fixative, 
washed in several changes of buffer for 1 hour, fixed in buffered 1% 
osmium tetroxide for 3 hours then washed in buffer overnight. They were 
then dehydrated in g r aded a lcohols, c lea r ed in acetone a nd e mbedded in 
a raldite. 
The r emaining fetuses, from each litter, were fixed by immersion in 
Bodian's fixative (Bodian, 1937; see Appendix II). These specimens were 
embedded in wax as previously described. 
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(b) Histological processing 
A summary of the staining and embedding proce dures f o r fetu s e s at 
each age i s g i ve n i n Tab l e 2 . 2 
( i) Wax hist ology 
Limb buds of 7 fetuses aged between El2 and El6 were cut 
longitudinal to the axis of the limb at lOum. In addition, specimens at 
El4-El6 were cut transverse to the limb axis. After dewaxing, each 
specimen was stained using the Holmes' modified silver technique (Fraser 
Rowell, 1963). 
(ii) Araldite embedded tissue 
Limb buds of 14 fetuses aged between Ell and El6 were embedded in 
araldite. For each, thick sections were cut transverse to the axis of 
the limb at 2um. Nerves and muscles were identified by staining with 
toluidine blue prior to thin sectioning at 60-90nm for electron 
microscopy. Sections for electron microscopy were mou n ted onto mesh 
g r i ds, and stained with lead citrate and uranyl acetate (Reynolds, 1963; 
Peters, 1970). 
(c ) Drawing s 
Camera lucida drawings of developing nerves and limb musculature 
we r e made at each stage prior to innervation, as described previously. 
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Table 2.2: Histological procedures used for rat hindlimbs 
Age Numb e r o f a nima l s Numbe r o f s pec i mens/me th od 
Wax embedded 
Silver nitrate 
Araldite embedded 
Tol. blue 
E 11 
El2 
El3 
El4 
El5 
El6 
Total 
l 
4 
3 
5 
4 
4 
21 
Abbreviations: Tol. blue 
E.M. 
l 
1 
2 
2 
1 
7 
= Toluidine blue 
Electron microscopy 
1 
3 
2 
3 
2 
3 
14 
E.M. 
2 
2 
2 
3 
10 
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RESULTS 
l. Wall a by 
(a) Embryonic day 21 
At E21 the hindlimb bud was rounded, with a diameter of 0.4mm at 
its base and a length of O. 2mm between the base and the apical ridge. 
The limb bud contained mesenchymal cells without any specific region of 
increased cell density (Figure 2.1). 
At E21 the peripheral nerves had not begun to develop. The neural 
tube was present, but no cells had migrated into the ventral horn nor 
had cells migrated to form the dorsal root ganglia (Figure 2. 1 b). A 
consistent feature of limb buds at E21 and older was the prominence of 
major blood vessels and their branches. At each · stage the vessels 
extended to the distal extremities of the limb. At E2 l, the femoral 
branch of the external iliac artery passed into the limb bud (Figure 
2.lc). 
(b) Embryonic day 24 
At E24 the limb bud was oval-shaped with the distal regions of the 
limb forming a rounded paddle shape. The limb was approximately 1.4mm 
in diameter at the base and 1. 9mm in length. The morphology of cells 
contained within the limb had changed since E21. They were smaller and 
more densely packed. I was able to differentiate cell densities which 
can be classified as pre-cartilage and pre-muscle masses (Romer, 1927; 
Benne tt et al., 1983a; see Figure 2 . 2) . 
Three procedures were used to define cell densities as either pre-
cartilage or pre-muscle masses. Firstly, the morphology of limbs at 
different ages was compared. Using these observations I could be 
confident of the location of pre-cartilage. For example, I could expect 
Figure 2.1: A series of photomicrographs showing the tarnmar 
wallabt at E21. 
(a) An embryo at E21, scale bar= 2mm. 
(b) Cros s-section of the lumbar region of the neural 
tube. Note that no motoneurons have migrated to form 
the ventral horn at this stage of development. 
Haematoxylin and eosin stain, scale bar= 0.2mm. 
(c) Cross-section of the embryo showing the hindlimb 
bud. Haematoxylin and eosin stain, scale bar= 0.2mm. 
Abbreviations: hl - hindlimb; fl - forelimb; nt -
neural tube; lb - limb bud. 
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Figure 2.2: A series of photomicrographs showing the tammar 
wallaby at E24. 
(a) An embryo at E24, scale bar= 3mm. 
(b) Cross-section of the lumbar region of the 
embryo showing the hindlimb bud. Note the small 
nerve bundle entering the dorsal part of the limb. 
Haematoxylin and eosin stain, scale bar= 0.5mm. 
Abbrev i ations: hl - h i ndlimb; fl - forelimb; dm -
dorsal pre-muscle; f c - femoral pre-cartilage; n -
nerve passing into dorsal pre-muscle; vm - ventral 
pre-muscle. 
4 3 . 
A 
B 
44. 
to locate femoral pre-cartilage centrally within the proximal limb 
bud. In addition, pre-cartilage cells tended to be packed more dens e ly 
than pre-muscle cells. Fina lly, a rt e ri es branched widely throug h the 
limb bud t o supply e ven the mos t di s t a l extremities. Blood vessels 
consistently coursed through pre-muscle tissue but were not observed to 
pass through the more densely packed, presumably pre-cartilage, cell 
masses. 
Using these criteria, it appears that pelvic and femoral pre-
cartilage was present at E24. The femoral pre-cartilage was apposed by 
ventral and dorsal pre-muscle masses. Neither pre-muscle mass could be 
sub-divided further. The distal limb region contained cells which were 
more densely packed than those present at E21, but based on cell size 
and packing density it was not possible to be certain whether or not it 
was a pre-cartilage or pre-muscle cell mass. 
At E24 there were cells present in the ventral spinal cord, dorsal 
root ganglia formation had begun, and there were both motor and sensory 
neurons projecting axons into the spinal nerves. Major trunks of both 
the femoral and sciatic nerves projected towards the base of the limb. 
The femoral nerve passed ventral to the pelvic pre-cartilage and 
projected into the limb bud. The distal end of the nerve passed within 
close proximity of the ventral pre-muscle mass but did not seem to enter 
the cell density. 
at this s tage . 
The sciatic nerve did not project into the limb bud 
(c) ~mbryonic day 26 t o day 0 
At E26 the limb bud was paddle-shaped and had three toes (Fig ure 
2
-3a). Distally within the limb, pre-cartilage masses of the tibia and 
fibula had formed, as had the pre-cartilage densities of four toes, 
although three toes were much more developed than the fourth. At both 
Figure 2.3: A series of photomicrographs showing the tammar 
wallaby at E26. 
(a) An embryo at E26, scale bar= 4mm. 
(b) Cross-section of the lumbar region of the 
embryo showing the hindlimb bud. Note the small 
nerve bundle passing into the calf region of the 
limb. Haematoxylin and eosin stain, scale bar= 
0.5mm 
Abbreviations: ta - anterior tibial muscle; d -
deep branch of the peroneal nerve; f - fibula; t -
tibia; tn - branch of the tibial nerve. 
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proximal and distal regions, the pre-muscle masses had cleaved to form 
individual muscles. Each of the cleaved muscles contained cells which 
were isolated from neig hbouring muscle cells as shown in Figu r e 2 .3b. 
Several sma ll muscles we r e f o und in the foot and mus cle nerves p roje c t ed 
fr om the sciatic and femoral nerve trunks into the rruscles of the 
thigh. The sciatic nerve could be traced until it branched just 
proximal to the knee joint, giving rise to the tibial and common 
peroneal nerves. The tibial nerve gave rise to muscular branches of the 
triceps surae and other ITR.JScles in the posterior part of the lower 
leg. Branches of the tibial nerve extended distally into the foot but 
did not invade the premuscle mass. The common peroneal nerve projected 
a superficial and lateral muscular branch into the peroneal muscles. It 
also gave rise to the deep peroneal nerve. This nerve passed lateral to 
the fibula into muscle in the anterior part of the lower leg (Figure 
2.3b). Each of the muscle nerves of E26 consisted of .a fine, loose 
array of nerve fibres. 
The limb musculature and nerves at day O were very similar to those 
of E26, except that muscle of the foot had been invaded by fine nerve 
fibres. Qualitatively, there appeared to be a slight increase in the 
density of muscle cells, but little difference could be found in the 
invading nerves (Figure 2.4). 
(d) Day 3 to day 35 
Aft e r birth the pattern of innervation remained as before. Muscle 
nerves became prog ressive ly mo r e de nse , while the muscle continued to 
increase in cross-sectional a r ea and mus c le cell number (Figure 2 .5). 
Figure 2.4: A series of photomicrographs showing the tammar 
wallaby at day O. 
( a ) An embryo at day O, scale bar= 5mm. 
(b ) Cr oss-section of the lumbar r egion of the pouch 
young showing the hindliwb bud. Note the deep peroneal 
nerve in the anterior part of the calf . Haematoxylin 
and eosin stain , scale bar= 0 . 5mm. 
Abbreviations: d - branch o f the deep peroneal 
ne rve; f - fibula; t - tibia; ta - anterior tibial 
muscle. 
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Figure 2.5: A photomicrograph showing a cross-section of the 
lower leg of the wallaby at day 35. Picro-Mallory's 
tri-stain, scale bar= 0.5mm. 
Abbreviations: ta - anterior tibial muscle; f -
fibula; t - tibia; p - deep branch of the peroneal 
nerve. 
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2. Rat 
( a ) Embryonic day 11 
At Ell th e hindlimb bud was r ounded with a diameter of 
ap pr o xima t e l y 0 . 6mm a t the base and a l e ng th of 0 .4mm be tween it s base 
and the apical ridge. The limb bud contained a loose network of 
mesenchymal cells and no specific regions of increased cell density. At 
this stage no cells had migrated from the neural tube and the dorsal 
root ganglia had not formed (Figure. 2.6). 
(b) Embryonic day 12 
At El2 the hindlimb appeared as a rounded bud, approximately 0.7mm 
diameter at the base and O.Snnn in length. The limb contained a greater 
density of mesenchymal cells than at Ell, but no specific aggregation of 
pre-muscle or pre-cartilage cells was apparent. At this stage axons 
projected from the ventral horn and dorsal root ganglia to form the 
spinal nerves (Figure 2.7). 
(c) Embryonic day 13 
At El3 the distal region of the limb bud had become paddle-
shaped. In addition, the apical region was still very rounded and the 
size of the limb had changed little since El 2, measuring 0. 7mm at the 
base and l.Onnn in length. By this stage, a proximal mass of pre-
cartilage had formed in the limb reg ion corresponding to the pelvis and 
femur. On either side of the femoral pre-cartilage were less 
conce ntra t e d cong r ega tions of cells which forme d the dorsal a nd ve ntra l 
pr e-muscle mass . No s u ch agg r ega ti o ns of ce ll s we r e appa r e nt wi th in t he 
di s t a l p a rt o f th e limb bud (Fig ure 2 .8). 
The size of both the ventral horn and the dorsal root ga ng lia was 
greater than at El2. In addition, the spinal nerves at El3 had become 
slightly denser than those present at El2. Di s tal to the lumbar plexus, 
Figure 2.6: A series of photomicrographs showing the rat (R. 
noPVe~icus) at Ell. 
(a) An embryo at Ell, scale bar= 1mm. 
(b) Cross-section of the lumbar region of the 
embryo showing the neural tube and the hindlimb 
bud. Note that no motoneurons have migrated to form 
the ventral horn at this stage of development~~ 
Toluidine blue stain, scale bar 0.1mm. 
Abbreviations: n - neural tube; l - limb bud. 
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Figure 2.7: A series of photomicrographs showing the rat (R. 
noPvegicus) at El2. 
(a) An embryo at El2, scale bar= 1mm. 
(b) Cross-section of the lumbar region of the 
embryo showing the hindlimb bud. Note that the limb 
contains mesenchymal cells that are largely 
~ 
undifferentiated. Silver nitrate stain (Holmes' 
modified technique), scale bar 0.2mm. 
Abbreviations: f - forelimb; h - hindlimb; lb - limb 
bud. 
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Figure 2.8: A series of photomicrographs showing the rat (H. 
noPVe~icus) at El3. 
(a) An embryo at El3, scale bar= 2.5mm 
(b) Cross-section of the lumbar region of the 
embryo showing the hindlimb bud. Note that the limb 
contains mesenchymal cells that are largely 
undifferentiated. Silver nitrate stain (Holmes' 
modified technique), scale bar - 0.5mm. 
Abbreviations: f - forelimb; h - hindlimb; d -
dorsal; d' - distal; p - proximal; v - ventral; dm -
dorsal pre-muscle; n - sciatic nerve passing into 
the limb bud. 
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the femoral nerve was traced along its path near the pelvic pre-
cartilage and towards the ventral part of the limb. Similarly, fine 
n e rve fibres of the scia ti c nerve we r e traced dorsally but they also did 
not pa ss into the thig h (Figure 2 .8). 
(d) Embryonic day 14 
The limb bud at El4 still appeared as a paddle-shaped structure 
with no toes apparent. The limb had grown to approximately 1.0mm 
diameter at the base and 1.5mm in length. Proximally within the limb, 
the dorsal and ventral pre-muscle masses had begun to cleave. However, 
the nuscle masses were still in an early phase of cleavage since 
individual muscle densities were not present. Distally, pre-cartilage 
of the tibia and fibula was present, and this was surrounded by pre-
muscle tissue (Figure 2.9). 
At the same stage, the sciatic nerve could be traced on its course 
through the dorsal part of the limb. Proximally, a single nerve bundle 
projected from the major nerve trunk into the dorsal pre-muscle mass. 
Distally in the thigh, the sciatic nerve branched to form the tibial and 
common peroneal nerves, neither of which extended further than the 
proximal part of the lower leg. Furthermore, no nerve branches were 
observed to project into the pre-muscle of the calf (Figure 2.9). Some 
pre-muscle cells contained small clusters of myofibrils scattered 
through the cytoplasm (Figure 2.10). 
(e) Embryonic day 15 
At El 5 the pre-muscle masses of th e thigh and calf had c l e aved t o 
form individua l muscle cell masses. Further distally, pre-ca rtil age 
tissue of four toes was apparent along with their accompanying pre-
muscle masses. At this stage, muscle nerves were observed invading 
individual muscle masses. For example, the common peroneal nerve ga ve 
Figure 2.9: A series of photomicrographs showing the rat (R. 
norvegicus) at El4. 
(a) An embryo at El4, scale bar= 2.5mm. 
(b) Cross-section of the lumbar region of the 
embryo showing the hindlimb bud. Note that the 
sciatic nerve passes through the thigh, dividing to 
give rise to the tibial and common peroneal 
nerves. Silver nitrate stain (Holmes' modified 
technique), scale bar= 0.5mm. 
Abbreviations: f - forelimb; h - hindlimb; dm -
dorsal pre-muscle; c - pre-cartilage; fc - femoral 
pre-cartilage; s - sciatic nerve; vm - ventral pre-
muscle. 
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Figure 2.10: A series of electron micrographs showing clusters of 
myofibrils in the proximal hindlimb of the rat, 
scale bar = l um .. 
Abbreviations: c - cell membrane m - myofihrils .. 
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rise to two branches - the superficial peroneal and the deep peroneal 
nerve. The superficial peroneal nerve invaded the peroneal muscles j ust 
l a t e ral t o th e fibul a . Th e dee p pe r o nea l ne rve t ook a cou r se l ate r al t o 
the fibul a the n turne d in a me di a l direc t ion a nd ga ve rise to ne r ves 
which invaded the anterior llJ.Jscles of the lower leg. Th es e nerves 
consisted of a very loose array of fine nerve fibres (Figure 2. 11 ). In 
more distal parts of the limb, nerves which arose from the tibial nerve 
invaded the small muscle masses of the foot. 
(f) Embryonic day 16 
By this stage, the general scheme of development had progressed 
since El5: individual muscles had become more segregated from 
neighbouring muscles and the individual muscle nerves had become more 
densely packed with nerve fibres and were more darkly stained (Figure 
2.12). 
Figure 2.11: A series of photomicrographs showing the rat (R. 
no1"Vegicus) at El5. 
(a) An embryo at El5, scale bar= 2.5mm. 
(b) Cross-sections of the calf region of the limb 
showing a branch of the deep peroneal nerve passing 
into the anterior tibial muscle, scale bar 0.5mm. 
(c) Higher magnification micrograph of the nerve 
shown in (b) above passing into the anterior tibial 
muscle, scale bar = 0.1mm. 
(Holmes' modified technique). 
Silver nitrate stain 
Abbreviations: fl - forelimb; hl - hindlimb; f -
fibula; t - tibia; ta - anterior tibial muscle; tn -
muscle branch of the deep peroneal nerve. 
57 . 
A 
B 
C 
Figure 2.12: A series of photomicrographs showing the rat (R. 
no-,.vegicus) at E 16. 
(a) An embryo at El6, scale bar= 2.5mm. 
(b) Cross-section of the calf region of the limb 
showing a deep branch of the pet'oneal net've passing 
into the anterior tibial muscle. In the posterior 
pat't of the limb, branches of the tiblal nerve are 
shown passing into the triceps surae muscles, scale 
bar 0.5mm. 
(c) Cross-section showing a branch of the deep 
peroneal nerve passing into the anterior tibial 
muscle, scale bar = O. lmm. 
(Holmes' mo<ll fled technique). 
Silver nitrate stain 
Ab b t" e vi a t l ,) n,; : f f l 01 Il a ; fl fot'elimb; hl 
h ln<lllmb; t - tlbla; ta - a nt e rl0r tl hl r1l m11s c l e ; tn 
- branch of the deep perone al ne rve ; n - bt'anc h of 
the tibial nerve. 
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DISCUSSION 
1. A Comparison Between Species 
In the wallaby, maj o r ne rve trunks g r ow t o the base of the limb and 
enter the dorsal limb compartment by E24. The major dorsal and ventral 
nerve trunks then project further into the limb, giving rise to muscle 
nerves that branch into the individual thigh and calf muscles by E26, 
the stage by which muscle cleavage takes place. 
Similar results were found in the rat, but because more specimens 
were available prior to the time of muscle innervation, the development 
of the limb could be followed slightly more precisely. The overall 
events were, however, as described for the wallaby, but they occurred at 
a much earlier stage relative to both the number of gestational days and 
the day of birth. Based on observations of the stages at which muscle 
cleavage and muscle innervation occurred, the hindlimbs of the wallaby 
at day O seemed to be at a similar stage of development to those of the 
rat at El5. 
In both the wallaby and the rat, major nerve trunks grow to the 
base of the limb at a stage when the limb bud is poorly 
differentiated. At a stage corresponding to the formation of dorsal and 
ventral pre-muscle masses, a dorsal nerve trunk invades the limb and 
follows a path between the femoral pre-cartilage and the pre-muscle mass 
without invading the pre-muscle. Muscle nerves branch from the main 
nerve trunks and invade individual muscles soon af t e r muscle cleavage. 
These features of nerve and limb development seemed to occur in a 
similar sequence to those of several other species including rabbits 
(Cameron and McCredie, 1982), chick embryos (Hamburger, 1975; Bennett et 
al., 1980a, 1983a; Al-Ghaith and Lewis, 1982; Tosney and Landmesser, 
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1985), Ram pipiens (Taylor, 1943) and Xenopus laevis (Hughes, 1968). 
2 . Axon El o ngation a nd Pat hway Guidance 
In each of these s pec ies, axon e l ongation occur s prior to th e 
differentiation of muscle tissue. These observations are in agreement 
with previous reports which showed that motoneurons project axons toward 
the remnant hip 
( P res t ig e , 19 7 0) 
after amputation of the limb bud in Xenopus Laevis 
or chick embryos (Hamburger, 1934, 1958). Therefore, 
the extent of axon growth into the limb bud, and the formation of 
specific nerve pathway patterns, may be dependent upon the presence of 
specific limb tissue but this dependence may vary during development. 
Lewis et al. (1981) obtained a series of chick embryos with wings 
devoid of muscle by irradiating the somitic mesoderm prior to limb bud 
formation. Following this procedure they observed that major nerve 
trunks followed their normal pathways through the limb but did not give 
rise to muscle nerve branches. They concluded from these results that 
the pathways taken by the major nerve trunks were not influenced by the 
muscle tissue but that some feature of the muscle tissue was essential 
for the formation of muscle nerves. 
In a similar line of experiments, Swanson and Lewis (1982) grafted 
wing buds of a specified age onto host chick embryos at varying stages 
of development. They reported that the extent of innervation was 
dependent upon the age of the limb bud rather than the age of the 
host. In agreement with these co n c lusions , Nurcombe a nd Bennett (1982, 
1983) have shown that spinal cord explants fail to ex tend neurites when 
cultured in the presence of undifferentiated mesenchyme but do extend a 
dense array of neurites in the presence of pre-muscle tissue. These 
observations of neu rite extension under expe rime n ta 1 conditions 
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correlate well with the temporal sequence of nerve and Tll.lscle 
development under normal conditions. 
Whilst motoneurons appear to project to the appropriate muscle and 
not diffusely through the limb (Lamb, 197 6 , 1977; Landmesser, 1978b; 
Dennis and Harris, 1979; Dennis et al., 1981; Lance-Jones and 
Landmesser, 1981a), the environmental cues which guide the growing axons 
are still poorly understood. Two principle theories attempt to explain 
the guidance of growing nerves. The first, initially proposed by 
Harrison (1910) and later supported by Weiss and Hiscoe (1948) and 
Horder (1978), suggests the passive protrusion of growth cones along 
tensile lines and may be referred to as morphogenetic opportunism 
(Horder, 1978). The second theory suggests that the active growth of 
nerves depends upon a chemical interaction with the environment (Ramon y 
Cajal, 1909, 1929; Sperry, 1963; Lance-Jones and Landmesser, 1980b, 
1981a, b). This chemical interaction, if it occurs, could involve 
chemotactic growth along the gradient of a diffusable substance, or it 
may necessitate contact between growing nerves and specific surface 
molecules of neighbouring cells. 
Several lines of evidence favour the theory of chemotactic neuronal 
growth or specific contact guidance. Following the rotation of chick limb 
buds about the dorsoventral axis, individual muscles receive at least part 
of their innervation from motoneurons located in the normally appropriate 
spinal segments (Stirling and Summerbell, 1979; Lance-Jones and 
Landmesser, 1981 b; Summerbell and Stirling, 1981; Whitelaw and Hollyday, 
1983 c). Based on these results, Lance-Jones and Landmesser (1981 b) 
suggested that after the nerve trunks have entered the dorsal and ventral 
limb compartments, they seem to branch into the muscles of that compartment 
in a pattern which is determined by local environmental cues. 
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Following partial reversals of the spinal cord, involving 1-3 
segments, spinal nerves appear to innervate their normally appropriate 
muscle. This result occurs even though it is necessary for some muscle 
nerves t o cross from mechanically inappropriate parts of the nerve trunk 
in order to innervate the muscle. After greater spinal cord reversals 
involving 3-5 segments, inappropriate segmental connections do occur 
(Lance-Jones and Landmesser, 1980b). These two results are very 
important to theories of directional nerve growth. The former results 
clearly indicate that nerve trunks do not grow in a certain direction 
purely because of mechanical constraints. The latter results indicate 
that nerves are not guided by long distance chemotaxis. This point also 
seems most likely when the observations of normal development (Hughes, 
1968; Hamburger, 19 77; present chapter) are considered. The results of 
large spinal cord reversals could be explained if nerves are normally 
directed by short distance chemotactic (or contact guidance) signals and 
if in that particular set of experiments the nerves were displaced such 
that they did not receive their normal signals and therefore followed 
other positionally more accessible pathways. 
Whitelaw and Hollyday (1983b) reported the innervation of chick 
embryo hindlimbs which had been manipulated so as to contain, in series, 
the host thigh followed by the host calf followed by a donor calf and 
donor foot. They observed that the second set of calf muscles was 
innervated by motor pools which normally innervate foot musculature, 
even though the foot was present as a fourth limb segmen t. It appea r s 
that the thigh and the first calf segments were innervated by their 
normal motor pools while the foot motoneurons invaded the second calf 
rather than the more distal foot musculature. Under these conditions, 
nerve trunks which normally innervate the foot would most likely have 
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formed in distal parts of the first calf. Upon entering the second 
calf, the elongation of the nerves may have been determined by some 
genetic influences which limit the maximum l ength of nerves from each 
spinal level or there may be a set order of environmental cues t o whi ch 
growth cones respond sequentially as they grow through the limb. 
Based upon each of these observations, it could be concluded that 
the formation of muscle nerves is not the result of strictly mechanical 
signals, nor do nerves follow pathways of long distance chemical 
gradients toward the appropriate muscle, and nor do nerves invade the 
limb diffusely. 
It has also been suggested that axons grow along electrical 
gradients (Jaffe and Poo, 1979; Campenot, 1984). Under such a scheme, 
nerves may grow along an electrical gradient oriented along the 
proximodistal axis of the limb. While it is possible that movement of 
neuronal growth cones is influenced by electrical gradients - as can the 
migration of many cell types (Jaffe and Nuccitelli, 1977) any 
influence during normal neuronal growth would most likely be one of 
several interplaying mechanisms. In addition, it seems unlikely that 
the electrical gradients theory can explain the highly selective 
guidance of growth cones that occurs during development. If electrical 
gradients are involved in normal axon growth then perhaps they influence 
axon elongation peP se rather than the directional aspects of growth. A 
more likely mech a nism of neur onal guidance would be the chemotactic 
and/or co nt ac t guidance by cel l s l oca t ed along the pathway as occurs in 
i nvertebrate nervous systems. 
Studies of invertebrate neurogenesis have been more definitive in 
elucidating the mechanisms of nerve pathway formation when compared to 
observations of the vertebrate nervous system. Invertebrate axons 
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elongate in close association with an initial pioneer fibre which is the 
first to take a particular pathway (Shankland, 1981; Bentley and 
Keshishian, 1982; Ho and Good man, 1982). Vertebrates do no t appea r t o 
have predominant pioneer fibres (Al-Ghai th and Lewis, 1982; Noa kes et 
al., 1983). However, the choices that face the initial neurons to take 
a pathway may still be similar to those that face invertebrate pioneer 
fibres. In addition, later arriving vertebrate axons seem to follow a 
pathway taken by the initial axons as occurs in invertebrates (Al-Ghaith 
and Lewis, 1982). The growth cones of invertebrate pioneer axons extend 
filopodia which may be S0-75um in length. These protrusions may allow 
the growth cone to sample a relatively large region of the limb 
tissue. In sampling the environment, the filopodia appear to contact 
guide-post cells which, if appropriate to that axon, induce movement of 
the growth cone towards the cell (Bentley and Keshishian, 1982). It is 
feasible that cells which act as guide-posts are also located along the 
pathway of growing axons in vertebrates. 
4. Summary and Conclusions 
Under normal conditions in the present and in other studies 
(Taylor, 1943; Hughes, 1968; Hamburger, 1977; Bennett et al., 1980a, 
1983a), the nerve pathway begins to form prior to muscle cleavage. The 
final parts of the pathway - muscle nerve branches - do not form until 
af ter muscle cleavage. It is apparent that ne rve trunks g row to the 
ap pr o priate r eg i on o f the limb without a ny influen ce fr om musC'le ti ss ue 
but poss ibly influenced by electrical g radients a nd direc ted by e ithe r 
chemotaxis or contact adherence to guide-post cells. However, muscl e 
nerve formation is dependent upon the muscle mass. Possibly, the muscle 
itself could act as the final guide-post, or alternatively guide-post 
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cells may be closely associated with the muscle. Finally, since the 
sequence of events during limb development in mammals seems to be 
s imilar to that o f non-mammalian ve rtebrates, then the mechanisms whi c h 
underlie th a t development are also most likely similar. 
In other vertebrates, the motor columns undergo a phase of 
developmental motoneuron loss, during which up to 80% of the motoneuron 
population may degenerate, and which occurs shortly after Tm.1scle 
innervation (Hughes, 1968; Hamburger, 1977). As part of this study of 
neuronal development, the following chapter will report on counts of the 
lumbar lateral motoneuron population during normal development and 
between E21 and adulthood in the wallaby. 
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CHAPTER THREE 
MOTONEURON DEATH DURING THE DEVELOPMENT OF THE 
LUMBAR SPINAL CORD 
6 7. 
INTRODUCTION 
The phenomenon of motoneuron death is a well accepted feature of 
vertebrate neurogenesis. While the subject has been studied extensively 
in aves and amphibia, relatively little is known about the developing 
mammalian motor system. Recently, however, motoneuron depletion during 
development has been observed in the lumbar motor column of the mouse 
(Lance-Jones, 1982) and at thoracic and brachial levels of the rat 
(Nurcombe et al., 1981; Harris and McCaig, 1984). This depletion of the 
motor population seems to be temporally associated with the development 
of muscle cleavage and the formation of neuromuscular connections 
(Bennett and Pettigrew, 1974; Lance-Jones, 1979; Dennis et al., 1981; 
Harris, 1981a; Kozeka and Ontell, 1981). 
In addition to the embryonic period of cell loss, a second and 
prolonged period of cell loss has been reported in rodents. In the 
brachial motor column of rats the second phase of cell loss seems to 
occur between the second postnatal week and 50 weeks of age, and has 
been reported to involve the depletion of 30-45% of the population 
present at two weeks of age (Tada et al., 1979; Rootman et al., 1981). 
A reduction of 30% has been reported in the population of sciatic 
motoneurons of the mouse between birth and 2-3 months of age (Baulac and 
Meininger, 1983). This second phase of cell death occurs well after 
muscle formation and continues long after synaptic connections onto 
muscle fibres have been es tablished (Redfern, 1970; Bennett a nd 
Pettigrew, 1974; Lance-Jones, 1979; Dennis et al., 1981; Kozeka and 
On tell, 1981). 
The only report of naturally occurring cell death in a marsupial is 
that of Hughes (1973) in the American opossum (Didelphis Vi7"Jirtiam.). 
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This study was largely restricted to counts of cells in the brachial and 
lumbar dorsal root ganglia. There did, however, appear to be a 
reduction in the lumbar motoneuron population of approximately 50% 
between birth and 23 days of age. 
available for motoneuron counts. 
However, only 4 animals were 
Romanes (1946) and Lance-Jones (1982) have reported the appearance 
of degenerating cells in the motor column of the mouse during the period 
of motoneuron loss. These observations (although not quantified) were 
similar to reports of pycnotic profiles accompanying motoneuron death in 
aves and amphibia (Hughes, 1968; Prestige, 1967; Hamburger, 1977). 
In the previous chapter it was shown that the major nerve trunks 
project into the hind limb of the wallaby shortly before birth. The 
sequence of muscle and nerve development within the limb seemed to be 
similar to that found in other vertebrates (Romer, 1927; Taylor, 1943; 
Wortham, 1948; Bennett et aL, 1983). Since, in other vertebrates, 
motoneuron death commences shortly after the initial contacts have been 
made between nerve and muscle, it could be predicted that motoneuron 
death in· the wallaby commences at some time near to birth. 
The aim of this series of experiments was to test the hypothesis 
that the lumbar motor columns in the tammar wallaby (M. eu:Jenii) are 
subject to a period of developmental neuronal depletion similar to that 
observed in other vertebrates. An examination of the temporal pattern 
of any cell loss should reveal whether it commences soon after nerve 
projection into the limb. These observations should allow comparisons 
to be drawn between the normal development of motoneurons in wa llabi es 
and other vertebrates. 
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MATERIALS AND METHODS 
Co unt s of no rmal mo t oneu r on nu mbe r s we re obt ained f r om 25 Tammar 
wa ll a bi es (H. eUJenii) whi ch we re aged be twee n E2 1 a nd adult (more tha n 
2 years of age), Wallabies were obtained and their ag es det e rmined by 
the procedures described in Chapter 2. 
1. Fixation and Dissection 
(a) Prenatal wallabies 
Two prenatal wallabies were fixed in utero by transcardiac 
perfusion of the adult with 2 .5% glutaraldehyde in 0.9% saline as 
described in Chapter 2. 
(b) Pouch young wallabies 
The methods of anaesthesia and fixation were similar to those 
described in Chapter 2. 
Following perfusion, a midline incision was made through the skin 
and the musculature located dorsal to the vertebral column. In pouch 
young a dorsal lami nectorny was performed by lifting a dorsal vertebral 
spine at a lower thoracic level with the aid of jeweller's forceps , The 
lateral parts of each vertebrum were then cut with fine scissors and the 
dorsal vertebrae removed sequentially through to the coccygeal spinal 
processes. 
The dur a mat e r was cut to a llow g reater acce s s for the fixa tive a nd 
the an ima l was s t o r ed in the sa me f ixa tive at 4°C . Af t e r pos t- fixing 
fo r a t l eas t 18 hours, the s pinal co rd be twe e n the fir s t Lumba r segme nt 
(Ll) a nd the second sacral seg ment (S2) was identified by tra cing the 
dors a l roots from their passage caudal to identified vertebrae to their 
e ntry into the spinal cord. This block of spinal cord was disse c ted 
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from animals aged 10 days or older. 
Whole bodies of animals a t E2 l or E24 and cauda 1 half bodi es of 
a nima l s aged be twee n E26 and n ine days of age , t ogeth e r wi th t he s pinal 
co rd blo cks o f olde r a nima l s we r e then furth e r processed . 
(c) Adult wallabies 
Three female wallabies were anaesthetized with an overdose of 
Nembutal (pentobarbitone sodium, 120 mg) injected into the dorsal tail 
vein. After exposing the heart, 1 ml of Heparin was injected into the 
left ventricle, then the animal was fixed by transcardiac perfusion with 
1 litre of 0.9% saline at 35°c followed by 1.5 to 2.0 litre of 2.5% 
glutaraldehyde in 0. lM phosphate buffer at 4°c. The saline and the 
first 500 ml of fixative were perfused at a rate of 200 ml/min. The 
remaining fixative was passed over a period of 20-45 minutes • . 
Following perfusion, a midline incision was made through the skin 
and musculature located dorsal to the lumbo-sacral vertebrae. The 
muscles were removed and a dorsal laminectomy performed between the 9th 
thoracic vertebrum and the 3rd sacral vertebrum. The dorsal root 
g anglia at the most caudal lumbar level (L6) were identified by tracing 
the pathway of the spinal nerves caudal to the L6 vertebrum. The spinal 
nerve was marked with a tie, as were the S2 and Ll spinal nerves. A 
block of spinal cord between Tl3 and S2 vertebrae was removed from the 
wallaby, the dorsal dura mater cut with fine scissors and the block 
post-fixed in the same fix a tive for at least 18 hours a t 4°C. 
Fo ll owing post-f i xa ti on , spi na l co rd segmen t s be twee n Ll and S2 
we re identified by loca ting the point of entry of the dorsa l and ventra l 
root nerves into the cord. One side of the cord was then marked with a 
scalpel blade and the cord was cut into blocks prior to further 
processing . 
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2. Histological Processing of Spinal Cords 
The dissected specimens were washed in several changes of distilled 
wate r, dehydrated in graded alcohols for se veral hours, stored in 
toluene f o r o ne h our then c leared in a fresh c hange of toluene 
overnight. The following morning they were embedded in three changes of 
56°c melting point paraffin wax for a total of 4.5 hours. The blocks 
were trimmed and serial transverse sections were cut at 6-25 um 
thickness, depending on the age of the animal. Sections were mounted 
onto double gelatinized glass slides and dried on a warming plate at 
45°c for 2-15 hours. They were dewaxed in three changes of xylene for a 
total of 15 minutes, rehydrated in graded alcohols, and stained with 
0.5i. or l.Oi. cresyl violet. All specimens were stained at 56°C and 
pH3.3 for times ranging from 1.5 to 7 minutes, with the exception of 
spinal cords from adult animals which were stained at room 
temperature. Sections obtained from three specimens (aged 1, 80 and 91 
days) were stained with 1% neutral red in acetate buffer at room 
temperature and pH3.3 for 7-10 minutes. After staining, the sections 
were rapidly dehydrated in graded alcohols - 70%, 95% and 100% ethanol 
for 10 seconds each and followed by two changes of 100% ethanol for 30 
seconds each - cleared in three changes of xylene for two minutes each, 
covered with a mounting solution (Normount), and coverslipped. The 
slides were then dried at room temperature prior to examination with a 
light micros cope . A total of 25 specimens were processed satisfactorily 
to allow ce ll count s to be performed. This includ e d 3 pren a tal a nimal s , 
19 pouch young and 3 adult specimens. 
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3. Counting Procedures 
The lumbar lateral motor column was identified at low 
magnifications of 63 or 98 times. Motoneurons were then counted at 
higher magnif ications of 390 or 625 times, depending on the age of the 
animal and the relative size of the motoneurons. Cells located in the 
motor column were counted in every fifth section from animals aged 
between E24 and 10 days postnatal, every tenth section from animals aged 
11 to 91 days, and every thirtieth section from adult specimens. 
The procedure for counting motoneurons in each section was as 
follows. 
clusters. 
Firstly, the motor column was divided, visually, into cell 
The stage of the microscope was then moved systematically 
from right to left and backwards and forwards, and the motoneurons 
within each cluster were counted. Motoneurons were identified by their 
location within the lateral motor column and the presence of a single 
nucleolus. 
segments Ll 
The 
and 
total number of motoneurons, in each section. in 
S2 and containing a single nucleolus was recorded 
against the section number. In order to reduce errors involved in the 
counting procedure, cells were counted either on both sides of the cord 
and the number averaged to obtain a value for the specimen (n=lO), or 
they were recounted on either side of the cord at separate sittings at 
the microscope (n=6). Again the number was averaged to obtain a value 
for the specimen. Variations in counts obtained using these procedures 
were 5.1% (S.E. 1.5) after counting both sides of the cord and 6.6% 
(S.E. 1.8) after recounts. 
In order to determine the distribution of mo ton eurons along th e 
rostrocaudal axis, the total number of sections in each specimen was 
tallied and divided into 10 equal groups. The number of cells in each 
of these groups was counted, thus providing a quantitative estimate of 
the distribution of cells along the rostrocaudal axis. 
73. 
Although correction values were not generally used in these 
observations, values were determined for four spec imens ag ed E28, 36 
days , 80 days an d adu lt. The co rrec ti on facto r det e rmined wa s that of 
Abe r c rombie (1946, Equation 1). 
M 
p = A X L + M (1) 
In equation 1, the total count (P) may be determined by multiplying 
the raw count (A) by the correction factor. The correction factor is 
equal to the section thickness (M) divided by the sum of the section 
thickness (M) and the average diameter of the structure counted (L) - in 
this instance, nucleoli. The mean nucleolar diameters were determined 
by tracing the outline of 25 nucleoli from each of the four specimens 
with the aid of a camera lucida. These outlines were then retraced onto 
a digitizer board attached to an Apple Europlus microcbmputer. 
4. Procedure for HRP specimens 
In order to locate the motor column at birth, eight neonatal pouch 
young were given unilateral hindlimb injections of 0.5 ul HRP (10% w/v, 
Sigma type IV or Boehringer Grade 1). The location of the motor column 
in older animals was found by reference to animals used in Chapters 4 
and 5. These pouch young we re aged between 60 and 63 days of age and 
had received injections of 20 ul HRP (10% w/v, Boehringer Grade 1) into 
th e hindlimbs . De t a ils of the inj ec ti on a nd hi s t o log ica l procedu r es a r e 
give n i n Cha pt e r 4. 
In the c ase of neonatal pouch young, the mother was s e dat e d with a n 
intramuscular injection of Ketalar (ketamine, 20mg/kg body weig ht). The 
pouch was gently opened so as to expose the neonate attached to the 
tea t. The neonate was then a nae s thetized with ice and a series of small 
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injections of HRP was made into proximal and di s tal parts o f the 
hindlimb. After each inj e cti on, s mall brown spo ts of HRP deposit could 
be see n in diffe r en t pa rt s of the limb. The pouch young were left 
a tt ache d to the t eat a nd bo th mother and neo na t e al l owed to r eco ve r. 
After 24 hours survival, the neonate was removed from the pouch, 
anaesthetized with ice and fixed by perfusion as described in Chapter 2. 
All traces of fixative were removed by washing the tissue 
thoroughly in several changes of buffer for a period of three days. The 
specimens were then reacted with 0.3% 3,3' ,5,5' diaminobenzidine HCl 
(DAB; Fluka or Dujon) in O.lM Tris buffer following the procedure 
described by Landmesser (1978a). 
After storage in 70% alcohol overnight, the tissue was dehydrated 
in graded alcohols, cleared in several changes of xylene for one hour, 
and embedded in three changes of 56°c melting point paraffin wax for a 
total of two hours. Serial transverse sections were taken at 6 urn, 
mounted onto gelatinized glass slides, dried, dewaxed and rehydrated in 
graded alcohols. They were then stained with 1% neutral red in O.lM 
Tris buffer at room temperature and pH7 .2. The sections we re rapidly 
dehydrated in graded alcohols, cleared in xylene and coverslipped as 
described above. 
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RESULTS 
1. Development of the Spinal Cord 
The lateral motor column of the prenatal and pouch young wall aby 
was located in the ventrolateral part of the spinal cord (Figures 3 .1 
and 3.2). At the most rostral region of the spinal levels examined -
the first lumbar segment (Ll) - the motor column consisted of a narrow 
group of cells at the ventrolateral margins of the cord. At mid-levels 
the cord expanded such that the lateral motor column was clearly visible 
even at low magnification. Towards its caudal end the column narrowed 
abruptly and terminated in the region of the first and second sacral 
segments (Sl and S2). These observations are similar to those reported 
for other mammals (Romanes, 1946, 1951; Rexed, 1954; McHanwell and 
Biscoe, 1979; Nicolopoulos-Stournaras and Iles, 1983). 
Motoneurons were easily identified in the larger, mid-levels of the 
column. However, this identification was more difficult at the rostral 
and caudal limits, since the column became narrower and was not grossly 
separated from the remainder of the ventral horn (Figures 3. 3, 3.4). 
The problem of rnotoneuron identification was apparent regardless of the 
age of the experimental animal. This difficulty was overcome in two 
ways. Firstly, labelled motoneurons were localized after unilateral 
injections of HRP into the hindlimb of pouch young at birth and at 60-63 
days of age (Figure 3.5). The position of the labelled cells found with 
this procedure was used as a g uide t o localization of the co lumn in 
other animals that had not been injected with HRP. Secondly, in all 
specimens, motoneurons were identified and counted at the level occupied 
by the widest expanse of motor column, and the column then traced to its 
rostral and caudal limits. 
Figure 3.1: A series of photomicrographs showing transverse 
sections of the lumbar spinal cord of the wallaby, 
at different stages during development. 
(a) Neural tube at E2 l. 
(b) Spinal cord at E24. 
(c) Spinal cord at day o. 
(d) Spinal cord at day 10. 
(e) Motor column at E24. 
(f) futoneurons at day O. 
(g) ,Motoneurons at day 1~, 
.... 
(a-g) cresyl violet 
stain, scale bar (a-d) • lOOum; scale bar (e - g) 2 
l Oum. 
Dashed squares in Figures B,C,and D indicate the 
position of motoneurons shown in Figures E,F and G. 
Abbreviations: dh - dorsal horn; dr - dorsal root 
ganglia; m - motor column; n - nucleoli; nt - neural 
tuhe; v - ventral horn ; vl - ventricular lay~r. 
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Figure 3. 2: A series of photomicrographs showing transverse 
sections of the lumbar spinal cord of wallabies aged 
between 35 days and adulthood. 
(a) Lumbar spinal cord at day 35, scale bar = 
25Oum. 
(b) Lumbar spinal cord at day 91, scale bar = 
25Oum. 
.... 
(c) Lumbar spinal cord of an adult, scale bar = 
1mm. 
(d) t-btoneurons at day 35, scale bar=- lOum. 
(e) Motoneurons at day 91, scale bar = lOum. 
( f) Motoneurons of an adult, scale bar = lOum, (a-
f) c r es yl violet s tain. 
/\hhrevL1t Lons : dh - do rsa l horn ; 10 - ino t o r co l 111nn . 
.,, dh 
,·:, •'-' 
.. n:,,· ·: ·. 
. , .. 
;1,. -. 
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Figure 3.3: Photomicrographs of the spinal cord of a wallaby at 
day O showing transverse sections of the motor 
column at 3 different rostrocaudal levels of the 
cord. 
(a) at Ll, 
( b) at L4 - LS 
(c) at Sl - S2 (a-c) cresyl violet stain, scale bar 
= 50um. 
Abbreviations: vh - ventral horn; vl ventricular 
layer; m - motor column. 
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A 
B 
r 
C 
Figure 3.4: A series of photomicrographs of the spinal cord of a 
wallaby at day 91 sho~lng transverse sections of the 
motor colurnn at 3 different rostrocaudal levels of 
the cord 
(a) at Ll 
(b) at L4 - LS 
(c) at Sl - S2 (a-c) cresyl violet stain~'- scale bar 
= SOum. 
Abbreviations: m - motoneurons; vl - ventral horn. 
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Figure 3.5: Photomicrographs showing the presence of labelled 
cells in the motor column of wallabies at day 1 and 
day 60 following injection of HRP into the 
ipsilateral limb bud. 
(a) Shows the presence of HRP granules at day 1 
after incubation with DAB, and H202 , scale bar = 
lOum. ~ 
(b) Shows the location of HRP-labelled cells at day 
60 after incubation with TMB and H202 , scale bar = 
1mm, (a-b) counterstained with 1% neutral red. 
Abbreviations: M - HRP-labelled motoneurons. 
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B 
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At E21 motoneurons had not yet migrated from the neural tube 
(Fig ure 3.1 ). By E24 neurons had beg un t o migrate laterally fr om the 
basa l ve ntr icu l a r laye r t o f o rm the ve ntra l ho rn. At th is s t age the 
mo t o r c o lumn co ns i s t e d o f c l o s e l y packed ce ll s . Each cell co nt ained a 
thin rim of lightly stained cytoplasm surrounding a large nucleus, 
within which could be found a single nucleolus which was also stained 
lightly with cresyl violet (Figure 3.1). A small number of cells at E24 
did, however, contain two small nucleoli (Figure 3.6; Table 3.1). These 
cells did not appear to be located in any specific position in the motor 
column and were not classified as motoneurons for the purposes of 
motoneuron counts. 
At E26, the motor column was much larger than at E24; neurons other 
than motoneurons had migrated into the remainder of the ventral horn, 
and the dorsal horn had begun to form. The morphology of motoneurons 
was essentially the same as previously described, including the 
observation of double nucleoli in 0.8% of the cells (Figure 3.1; Table 
3 .1). The anatomy of the spinal cord and the morphology of motoneurons 
remained virtually unchanged through E26 to the first few postnatal 
days. Motoneurons at these early stages were easily discernible from 
non-motoneurons in the ventral horn by both their location in the motor 
column and their morphology. Motoneurons had a larger nucleus and 
overall size than other cells in the ventral horn. They were also 
d is ting ui s ha ble by the intensity o f st a ini ng o f bo th the c y t o pl asm a nd 
nu c l eo l i wh e n compa r ed with o the r ce ll t ypes (Fig ures 3.l, 3 . 3) . 
As the a n i mal ma tured the motor co lumn be came arrang ed int o mo t o r 
pools. Th e cytoplasm and nucl e oli o f motoneurons be came mo r e 
basophilic, as indicated by an increase in the staining intensity with 
c resyl violet. Accompanying this increa s e in basophilia was a g r a du a l 
Figure 3. 6: A series of photomicrographs showing the appearance 
of cells which contain double nucleoli, within the 
motor column, at (a) E24 and (b) E26. Cresyl violet 
stain, scale bar= lOum. 
Abbreviations: vl - ventr:-i.cuLir l;iyer; m - cells in 
the motor column with two nucleoli. 
. ... 
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Table 3.1: A comparion of the number of cells with double nucleoli and 
pycnotic motoneurons present during early stages of 
development 
Age 
E21 
E24 
E26 
+day 0 
day 4 
Viable cells 
(lumbar) 
14240 
27680 . 
27017 
22800 
Double nucleoli 
Number 
762 
220 
15 
% 
5.4 
0.8 
(0.1 
Pycnotic cells 
Number 
270 
260 
180 
% 
LO 
LO 
0.8 
+day O - mean value of motoneuron counts from three animals. 
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increase in the amount of cytoplasm contained within each cell (Figures 
3.1, 3.2). At day 35 the motor column had developed a gross appeara nce 
whi ch was very similar t o th e adu lt fo rm. Howev e r the nuclei s till 
t ended to be positioned eccentrically within the cell, as is commonly 
observed in immature neurons (Ramon y Cajal, 1929; LaVelle, 1956). By 
day 80, this feature of immature neurons had disappeared. The nucleus 
was surrounded by an abundance of darkly staining cytoplasm. 
each clear nucleus was a very darkly staining nucleolus. 
Within 
These 
characteristics were similar to those shown by motoneurons in adult 
cords. 
Using the above criteria to identify motoneurons, cells that 
contained a single nucleolus were counted at a magnification of either 
390 or 625 times, the motor column having been previously located at 
lower magnifications of 63 or 100 times. Since the diameter of the 
nucleoli was small relative to the section thickness, no correction was 
made for possible double counting of cells due to split nucleoli. If a 
correction factor had been applied, it would have been similar for each 
specimen (Table 3.2). 
2. Motoneuron Counts 
(a) Viable cells 
Figure 3. 7a shows the number of viable motoneurons in the lumbar 
lateral motor column at ages rang ing from E21 to adult. At E21, cells 
h ad not migr a t e d f r om the neural tube. At E24 th e r e were a bout 14 , 240 
moton e urons in the ventral horn. The number of cells mig rating into the 
motor column then increased rapidly and peaked during the period betwee n 
E26 and E28 (birth). The number of motoneurons counted at strateg ic 
stages is given in Table 3.3. There were 27,680 motoneurons present at 
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Table 3.2: Estimates of correction factors 
Age 
0 
36 
80 
Adult 
Section thi ckness 
(um) 
6 
8 
10 
25 
Nucleolar diameter 
(um) 
0.9 ± 0.04 
1.4 ± 0.1 
1. 6 ± 0.1 
2.8 ± 0.1 
Abercrombie factor 
0.87 
0 .85 
0.86 
0.90 
Figure 3.7: Graphs showing (a) the number of viable neurons and 
(b) the percentage of cells with pycnotic profiles 
in the lumbar motor column of the wallaby, plotted 
against the age of the animal. Each dot shows the 
value obtained from counting cresyl violet-stained 
neurons in the lateral lumbar motor column of one 
animal. 
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Table 3.3: A comparison of the extent of motoneuron survival at 
strateg ic stages during development 
Ag e ( da ys ) Numbe r of mot oneurons (n) Ce ll l oss (%) Pr oportiona t e l oss 
E26-d0 
34-46 
80-91 
Adult 
27183 ± 1392 (4) 
11618 ± 144 (3) 
10658 ± 330 (3) 
6776 ± 904 (3) 
SPA SdO 
n.a. 
57 
3* 
36 
n.a. 
57 
61 
75 
Statistical analysis - two-tailed Student's t-test 
n.a. 
76 
5 
19 
All cell losses were statistically signigicant - * P < 0.05, all others 
P < 0.001. 
Abbreviations: 
(n) number of animals 
SPA since previous ag e 
SdO since E26-day 0 
loss SPA x 100 Proportionate loss= 
total loss 1 
88. 
E26 (n=l) and a mean of 27,017 present at birth (S.E. = 2,068, n=3). 
After birth, the number of motoneurons declined steadily, so that by 
app r oxima t ely 40 days of age there were 11,618 (S.E. = 144, n = 3) cells 
in the motor column. This number was significantly different to the 
number present at birth (P < 0.001, two tailed t-test, Table 3.3) and 
involved a loss of approximately 57% of motoneurons since birth. 
Although the phase of rapid cell loss appeared to be completed by this 
age (Figure 3.7), the number of viable motoneurons declined still 
further during the following 40-50 days. By 80-91 days after birth 
there were 10 7 658 (S.E. 233, n=3) cells present in the motor column. 
This number indicated a further depletion of 8% of the motoneuron 
population and was significantly different to the number present at 40 
days (P < 0.05, Table 3.2). Thus 60% of cells had been lost since 
birth. It appears _ that the motor column continued to be gradually 
depleted of neurons, since in the adult wallaby (more than 2 years of 
age) there were only 6,776 (S.E. = 904, n=3) motoneurons present. This 
number was significantly different to the number present at 80-91 days 
(P < 0.001, Table 3. 3), representing a further depletion of 30% in the 
motoneuron population. This proportion of cells is similar to the 
proportion of motoneurons that have been reportedly lost from the 
brachial and lumbar motor columns of rodents between birth and adulthood 
(Tada et aL., 1979; Rootman et aL., 1981; Baulac and Meininger, 1983). 
However, as indicated by the observation that approximately 15,000 cells 
were lost between birth and 36-48 days, a nd only a further 5 , 000 over 
the following 2 years (Table 3.3), it seems that the mechanisms of cell 
loss soon after birth may be different to those involved in the gradual 
depletion of cells later in development. 
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(b) Degenerating neurons 
Degenerating motoneurons were identified by the presence of a 
pycnotic nu c leus (Figure 3 .8). These ce lls were not included in counts 
of viabl e motoneurons but were counted as a sepa r a t e population (Figure 
3.7b). Motoneurons that contained a pycnotic nucleus were first 
observed at E26. At E26 and day 0 pycnotic cells represented 
approximately O. 95 - 0. 97 5% of the motoneuron population. As shown in 
Figure 3. 7b, the percentage of cells in the motor column which were 
undergoing pycnosis at any one time gradually declined, then stabilized 
at about O. 5% by day 10. The proportion of pycnotic cells remained 
fairly constant then declined rapidly, so that virtually no pycnotic 
cells were found at days 34 and 35. No pycnotic cells were found after 
this period. The observation of pycnotic cells during the period of 
massive cell loss indicates that motoneurons in the wallaby are depleted 
by cellular degeneration. Furthermore, the shape of the curve in Figure 
3. 7b corresponds well with the occurrence of an initial rapid loss of 
cells followed by a steady but less rapid depletion, as indicated in 
F ig u re 3 • 7 a • 
3. Distribution of Motoneuron Loss 
Figure 3.9a shows the distribution of motoneurons along the 
rostrocaudal axis between Ll and S2 at birth and at 80-91 days of age. 
Throughout development, the distribution was g raded along the cord. At 
birt h, there we r e very few ce lls l oca t ed in the most r ostral 10 
percentile region (mean l72, S.E. 19, n=3). Th e motoneu r o n 
population peaked at 70% of the distance along the cord (mean = 5,927, 
S.E. = l71, n=3), then rapidly declined so as to contain 100 motoneurons 
(S.E. = 26, n=3) in the most caudal 10% of the column. Three months 
Figure 3.8: A series of photomicrographs of transverse sections 
of the lumbar motor column showing the appearance of 
cells with pycnotic profiles. The photomicrographs 
were taken from animals at (a) E24, (b) E26 and (c) 
day O. Cresyl violet stain (a-c), scale bar= lOum. 
Abbreviations: p - pycnotic cells. 
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later cells had been depleted along the entire length of the co lumn 
(Fig ure 3.9a , b). At 80-91 days, the distribution of cells was similar 
to th a t at birth, and the popula t ion peaked at a simila r spinal level 
(mean = 2,920, S.E. 425, n=3). At each l e ve l a l ong the co rd, the 
number of motoneurons present at 80-91 days was significantly less than 
that present at birth (P always< 0.05, two tailed Student's t-test). 
Figure 3. 9b shows the percentage of motoneuron survival at 80-91 
days relative to the number present at birth. There was no significant 
difference between the proportion of cell survival at different spinal 
levels (P was always > 0.05, two-tailed Student's t-test) with the 
exception of the most caudal 10% of the motor column at which a 
significantly smaller proportion of cells survived. 
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DISCUSSION 
1. Anatomical Development of the Mot o r Column 
The development of the lumbar motor column in the wall aby beg ins 
with lateral migration of cells from the basal part of the neural 
tube. This migration commences prior to the formation of the dorsal 
horn. The ventrodorsal gradient in the formation of the spinal cord is 
similar to that found in both mammalian and non-mammalian vertebrates 
(Prestige, 1973; Nornes and Das, 1974; Hollyday and Hamburger, 1977). 
Following their migration from the neural tube, motoneurons 
consisted of a relatively large nucleus surrounded by a thin rim of 
cytoplasm. Although a few nuclei from animals aged E24 to day 0 
contained more than one nucleolus, all motoneuronal nuclei from older 
animals contained only one nucleolus. The occurrence of a single 
nucleolus differs from observations of chick and mouse embryos in which 
most motoneurons contain nrultiple nucleoli (Hamburger, 1975; Banker, 
1982) but is similar to observations of developing amphibian motoneurons 
(Hughes, 1968). As the neurons developed, the nuclei tended to occupy 
an eccentric position while deeply basophilic cytoplasm gradually 
accumulated within the cells. Motoneurons continued to contain an 
eccentrically positioned nucleus until after the period of massive cell 
loss. The occurrence of an eccentric nucleus appears to be a common 
feature of immature neurons, including moton eu ron s (Ramon y Cajal, 1909, 
1929; LaVelle, 19 56; Hughes, 1968 ; Hamburger, 1977). After the peri od 
of massive cell loss, motoneurons continued to increase in size and by 
day 80 most of the cell nuclei were more centrally located within the 
cytoplasm. 
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2. Quantitative Measurement of Cell Death 
It was necessary when estimating the number of cells in the mo tor 
co lumn t o be awa r e o f s eve r a l im po rt an t f ac t ors . Fi r s t ly , tha t i t was 
necessa r y t o de lineate the mo t o ne uron po pu la ti on accurately . Th is is 
clearly important so as to ensure that the same population of cells was 
counted in each specimen. Secondly, that the process of counting cells 
involves some degree of error, and this error must be kept at a 
minimum. Errors may arise from inaccurate counting, in which cell 
profiles are missed or counted twice by the observer, or from double 
counting of cells which have been split in the sectioning and therefore 
have profiles in neighbouring sections. Thirdly, it is important that 
some economy of effort be afforded when counting cells. This is usually 
achieved by counting only a sample of the population, then correcting 
for the sample size to give an estimate of the total po pulation 
(Konigsmark, 1970). 
There are extra difficulties incurred in delineating embryonic 
neuronal populations compared with similar tasks in adult specimens. 
Adult populations tend to be similar from one specimen to another, 
whereas in the developmental situation both the anatomy of the structure 
and the neuronal morphology may vary between animals of different 
ages. The latter was a feature of the present study. Early in 
development the motor column of the embryo or pouch young consisted of 
s ma ll de nse ly packed cells whi ch cont a ine d only a thin rim of lig htly 
stai ned cy t opl as m. I n the adult, the motone uro ns we r e ve r y la rge with a 
g r ea tly in c r ea s e d amount of neuropil e s epa r a ting e a ch neuron. 
It has been suggested that the developing motor column in mammal s 
is much more difficult to delineate than the corresponding sy s tem in 
aves and amp hi bia (Lance-Jones, 1982). In aves, the lateral mo t o r 
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column is situated in a definitive position, lateral to the remainder of 
the ventral horn (Hamburger, 1934; Landmesser, 1978a, b). In amphibia, 
the mo t o r column is also located in the vent r ola t eral part of th e co r d 
a nd consists predominantly of motoneurons which are very large when 
compared with other neurons in the ventral horn (Hughes, 1959, 1968). 
The motor column of the wallaby was situated in a ventrolateral position 
within the cord but the medial part of the column was not clearly 
segregated from other neuronal types in the ventral horn. In addition, 
the size differential between motoneurons and other neurons does not 
seem to be as great in mammals as in amphibia. It was essential to 
overcome these difficulties in order to identify motoneurons accurately 
and thereby obtain accurate cell counts. 
The motor column was delineated on the basis of its ventrolateral 
location within the cord and by the morphology of motoneurons. 
Labelling cells with HRP also aided in the identification of the 
rostrocaudal and mediolateral distribution of motoneurons and in the 
observation that motoneurons which innervate the limb are located in the 
ventrolateral, but not in the ventromedial motor column. Using these 
criteria and by tracing the column from its mid-regions to its rostral 
and caudal limits, motoneurons could be consistently identified in 
wallabies aged between E24 and adult. 
As a further step to reducing counting errors, cells in most 
specime ns we re either recount e d at separate sittings a t th e microscope 
or coun t ed on bo th s id es of the co rd at the same s itt ing . It is 
expec ted that this procedure would have reduced errors due to 
differences in the neuronal populations on either side of the cord and 
those arising from miscounts. Counts of cells on the right and left 
sides of the cord varied by approximately 57. while recounts of cells 
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performed at separate sittings at the microscope varied by 6.6%. These 
errors are similar to those found by other observers (Konigsmark, 
1970). The variations found between the right and left sides of the 
cord are slightly higher than those reported for the lateral motor 
column of the chick embryo, which ranged between 0.6% and 2.6% 
(Hamburger, 1975). These variations may be indicative of slightly 
greater errors involved in the recognition of the motor column and of 
motoneurons in mammals, or they may indicate slight differences in the 
size of the motoneuron population on either side of the cord. However, 
the figures still give a very impressive illustration of the precision 
and symmetry of mechanisms which control both the mitosis and survival 
of motoneuronal populations. 
Errors may also arise from the double counting of cells during 
sectioning. The probability of double counting is dependent upon two 
factors: the thickness of the section and the diameter of the unit 
counted. Therefore I attempted to cut sections as thick as was 
practicable and to count a small structure. 
Profiles which can be counted include the cell soma, nuclei and 
nucleoli. I chose to count nucleoli because the nucleolus is the 
smallest of these three structures and because motoneurons in the 
wallaby contain only one nucleolus. The thickness of sections was 
varied between 6 um and 25 um depending on the age of the animal. This 
size was qualitatively determined in order to minimize both the errors 
a ri s ing from double counting and those th a t may a ri se if there a r e 
se veral cell layers in each section. 
Considering the section thickness and the average nucleolar 
diameter, which ranged between 0.92 um and 2.84 um, the diameter was 
regarded as being small relative to the section thickness and no 
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correction factor was applied to the raw counts. In any case, the 
correction factors (Abercrombie, 1946) for animals at birth, 36 days, 80 
days and adult all ranged between 0.85 and 0 .90 . Therefore, small but 
similar errors would have applied in each case. 
It has also been suggested that interneurons may be present in the 
motor column and that these may be misappropriately counted in 
unlabelled material (Baulac and Meininger, 1983). There is no evidence 
to suggest that interneurons are located in the motor column. In the 
adult cat, HRP placed onto the proximal stump of the muscle nerve of the 
medial gastrocnemius or the soleus muscle will label all neurons within 
the respective motoneuron pool (Burke et al., 1977). In the present 
study, it appeared that all neurons in the motor column were motoneuror.s 
at least until 65 days of age. Quantitative evidence to support this 
idea is given in Chapters 4 and 5. Therefore, it did not seem necessary 
to count HRP labelled cells routinely. 
The sampes of sections counted in the present study was 1 in 5 for 
an imals less than 10 days of age, 1 in 10 for animals aged between 10 and 
91 days and 1 in 30 for adult animals. The former two samples are similar 
i n size to those routinely used for motoneuron counts in other species 
(Hamburger, 1934, 1975; Hughes, 1961; Lance-Jones, 1982). A less 
frequent sample was chosen for the adult specimens because the lumbar 
cord was 4-5 times longer than at 80-91 days. In each specimen little 
variation was noted in the number of cells in adjacent counted sections, 
indicating that changes in the distribution of motoneurons along the 
rostrocaudal axis were gradual. 
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3. Motoneuron Death 
Motoneuron death in the wallaby seems to occur in two phases. An 
initial phase, which may be referred to as embryonic or developmental 
cell death, begins at about the time of muscle innervation, continues 
for 30-40 days, and involves the loss of approximately 60% of the 
motoneuron population. The actual number or proportion of cells lost 
would be greater than the value given in Table 3.3 (56. 7%) since there 
was a small overlap in the time-course of cell degeneration with the 
time-course of appearance in the motor column of cells that contained 
two nucleoli, 
motoneurons. 
and which were not included in the counts of 
Cells which contained two nucleoli were assumed to be 
early post-mitotic cells since immature cells in other species also 
contain two nucleoli (Prestige, 1973; Banker, 1982; Lance-Jones, 
1983). The later, prolonged phase of cell loss seems to involve the 
gradual depletion of cells (representing about 20% of the initial 
population) between day 46 and adulthood. 
(a) Developmental cell death 
(i) Comparison with other species 
The first point to be made regarding cell death in the wallaby is 
that, in contrast to the situation in placental mammals (see Lance-
Jones, 1982; Harris and McCaig, 1984), almost all of the cell loss 
occurs postnatally. It does, however, occur at a similar stage relative 
to the development of the limb as does cell death in other mammals, aves 
and amphibia (Hughes, 1968; Hamburger, 1977; Lance-Jones, 1979, 1982; 
Dennis et ai., 1981; Harris and McCaig, 1984). 
Motoneuron depletion from the lumbar motor column commences by 
E26. The number of motoneurons present at E28 (birth) is similar to 
that at E26, but since only one specimen was counted at E26 it is not 
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possible to give an accurate quantitative comparison between the two 
ages. During the period beween birth and 34-46 days, approximately 60% 
of motoneurons were lost. This proportion of cell loss is similar to 
that found in aves (Hamburger, 1975; Oppenheim and Major-Willard, 1978; 
Pittman and Oppenheim, 1979; Laing, 1979), amphibia, (Hughes and 
Tschumi, 1958; Hughes, 1959, 1961; Fortune and Blackler, 1976) and 
mammals (Lance-Jones, 1982; Harris and McCaig, 1984). Motoneuron 
depletion has previously been observed in another marsupial, the opossum 
(D. vi-rgimam, Hughes, 1973). In that study, approximately 80% of 
brachial motoneurons were lost between birth and 28 days. A smaller 
reduction of 45% was observed between days 15 and 32 in the lumbar motor 
column. Unfortunately, the study of the developing opossum was severely 
limited since the spinal cords of only 4 animals were examined. 
One recent report has suggested that developmental neuronal death 
does not occur in the motor column of the mouse (Banker, 1982). The -·-
results of this study are in complete contradiction to those observed 
previously in the mouse (Flanagan, 1969; Lance-Jones, 1982), in other 
species (Hughes, 1968; Hamburger, 1977; Mark, 1980) and in the present 
study. The methods used by Banker (1982) differed from those of other 
studies. Sections were cut at 2.8 um thickness along the entire length 
of the spinal cord, photomicrographs taken of every 200th section, and 
counts made from these photomicrographs of all nuclear profiles 
contained within cytoplasmic extensions and located within the ventral 
horn. A major criticism of this procedure is the probability that 
interneurons, glial cells and cells within the medial motor column were 
included in counts of lateral motoneurons. In addition, the counting 
errors involved in using a very small sample size of a large population 
of cells leads to the conclusion that Banker (1982) is most unlikely to 
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have made a reliable count of limb motoneurons in the mouse. 
(ii) Cell degeneration 
In the wa lla by, mo t one urons c ontaining pyc n oti c nu c l ei we r e f ir s t 
observed at E26. The number of pycnotic cells pe aked between E26 and 
birth, plateaued for several days, then diminished near the completion 
of this phase of cell loss. No pycnotic cells were observed after day 
35. The period during which pycnotic cells were found corresponded to 
the period of abrupt neuronal depletion. It therefore seems that the 
depletion of lumbar motoneurons in the wallaby occurs by cellular 
degeneration, as occurs in other vertebrates (Hughes, 1961; Prestige, 
1970; Hamburger, 1975; Chu-Wang et al., 1978a, b). 
The proportion of cells undergoing degeneration at any one time 
(peak = 1.0%) was less than that observed in both aves (peak 5.9%; 
Hamburger, 1977) and amphibia (peak = 3%; Hughes, 1961). This 
discrepancy may be due to the relatively long period of neuronal 
depletion in the wallaby. Like Hamburger (1977) and Hughes (1961), I 
have only classified cells as pycnotic if they contained a darkly 
stained pycnotic nucleus. Neurons undergoing early stages of 
degeneration and those in later stages, represented by cellular debris 
and macrophages, were not positively recognizable as degenerating 
neurons and were therefore not counted. In addition, neurons at early 
stages of degeneration were most likely counted as viable neurons. This 
may have led to a slig ht underestimate of the number of pycnotic eel ls 
prese nt a t a ny o ne time . 
(iii) Distribution of cell loss 
The distribution of motoneurons was graded along the rostrocaudal 
axis: relatively few cells were found at the rostral and caudal ends 
while the population peaked at mid-regions along the column. These 
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results agree with those found in other vertebrates (Prestige, 1970; 
Hamburger, 1975; Lance-Jones, 1982). The distribution of motoneurons at 
birth leads to the suggestion that the initial production of motoneurons 
by the neural tube is similarly graded. Alternatively, simila r numbers 
of motoneurons may have been produced at each leve 1 of the cord with 
cells then migrating in a rostral or caudal direction so as to settle in 
a graded manner. Under either of these conditions it appears that the 
enlargement at mid-levels of the lumbar spinal cord does not form by the 
selective and excessive depletion of neurons from rostral and caudal 
levels. This idea has been supported by observations in other species 
(Prestige, 1970; Hamburger, 1975; Lance-Jones, 1982) as well as by the 
present study, and differs from the suggestion for the formation of the 
dorsal root ganglia in chick embryos proposed by Hamburger and Levi-
Montalcini ( 1949). In agreement with the present idea, there was no 
significant difference (P > 0.05) in the proportion of cells depleted 
from nine out of the ten sub-divisions of the cord. 
(b) Prolonged period of cell loss 
In the present study, 57% of lumbar motoneurons were lost between 
birth and 34-46 days postnatal. An additional 8% of cells present at 
34-46 days were depleted by 80-91 days, and 40% were lost by 
adulthood. It is not clear from the present results whether cell death 
was completed during pouch life or if it continued until adulthood. 
However, whilst the occurrence of a period of massive cell death is well 
documented (Hughes, 1968 ; Cowan, 197 3; Hamhurger, 1977; Bennett, 1983; 
Lamb, 1983), the possibility of a n extended period of g radual neuro nal 
depletion is rarely discussed. 
Recent studies of brachial and lumbar motor columns of rodents have 
indicated the occurrence of a prolonged period of cell loss (Tada et 
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al,., 1979; Rootman et al,., 1981; Baulac and Meininger, 1983). In the 
brachial motor column of the rat, the phase o f massive cell loss s eems 
t o beg in by El 7 ( Ha rri s a nd McCaig , 19 84) a nd continues un t i l 6 days 
af ter birth (Nurcombe et al,., 1979). After this pe ri od , a p r oce s s of 
gradual cell loss ensues. The extent of this gradual depletion, between 
the second postnatal week and adulthood, has been variably reported as 
being either 30% or 45% of the initial population (Tada et al., 1979; 
Root man et al,., 1981). 
In the lumbar motor column of the mouse, approximately 65% of 
neurons degenerate before birth (Flanagan, 1969; Lance-Jones, 1982). 
The rapid loss of cells seems to continue for the first three postnatal 
days, then stabilizes (Romanes, 1946). During the following 2-3 months, 
an additional 30% of sciatic motoneurons have been reported to be 
depleted (Baulac and Meininger, 1983). There is some - tlispute regarding 
these results since Lance-Jones (1982) reported that there was no 
postnatal loss of lumbar motoneurons in the mouse. However, the oldest 
animals in Lance-Jones' (1982) study were two mice at 20 days of age. 
In the present study, there was only a slight difference in the number 
of motoneurons present at 80-91 days comp·ared with those at 34-46 
days. Yet there was a relatively large reduction in the number of cells 
by adult hood. In the mouse, therefore, a gradual reduction in cell 
numbers which may be barely noticeable by 20 days postnatal, may be very 
sig nificant by 2-3 months o f ag e. Interesting ly, the propo rti o n of cell 
loss tha t occurs a ft er the pe r iod of mass ive ne uro na l dep l e ti on in bo t h 
r a t s a nd mice is similar to that found in the wall a by. 
There are also two studies which suggest that postnatal cell death 
does not occur in the rat (Janjua and Leong, 1984; Hardman and Brown, 
1985). Both of these studies examined neurons in the lumbar motor 
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column whereas those that reported the occurrence of postnatal cell 
death in the rat have examined the brachial motor column (Tada et 
al., 1979; Roo tma n et al., 1981). Th e r eason fo r th e disc r epancy in the 
results is not clear. However, one po s sible e xpl a nati on is t h a t in the 
reports of Hardman and Brown (1985), and Janjua and Leong (1984), 
animals classified as adults included those at 2-3 months and 2-14 
months of age respectively. The use of animals as young as some of 
these as adults may have been a source of error because cell depletion 
may continue well past this period. In support of this idea, and 
despite the young age of some of their adults, the data of Janjua and 
Leong (1984) showed a difference of 13% between the number of sciatic 
motoneurons at 3-5 days of age and in adults. 
With regard to the different techniques used for motoneuron counts, 
while the use of HRP aids in the identification of specific populations 
of motoneurons, leak-age may occur in young animals (Rootman et al., 
1981) and all motoneurons are not necessarily labelled in older animals, 
because of diffusion barriers (Burke et al., 1977; Hardman and Brown , 
1985). For these reasons, emphasis was placed on the counting of Nissl 
stained cells in the present study. 
There is little evidence to suggest that a prolonged phase of cell 
loss occurs in non-mammalian vertebrates. Close examination of the 
results given for motoneuron loss in Xenopus 7-aevis indicates that there 
may be a slig ht dec line in ce ll numbers be tween the completi on o f 
de ve l o pme nt a l ce ll dea th and adulthoo d ( Hug hes , 196 1, 1968 ; Pres tige , 
197 0 ). However the decline does not seem t o involve a nywhere nea r the 
proportion of cells that are lost in mammals, and it is unclear whether 
or not the reduction would be statistically significant. Reports of 
motoneuron death in the chick embryo only s e em to include counts of 
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embryonic and early post-hatch specimens (Hamburger, 1934; Hamburger and 
Keefe, 1944; Hamburger, 1975; Oppenheim and Major-Willard, 1978). Give n 
th e s h o rt space o f time be twee n the compl e t ion of developmen t al cell 
dea th and hatching in the c hick (11 days) the ir re s ult s do not a ppea r t o 
show any further reduction in cell numbers. However, further 
investigations are needed and those should include a comparison of 
counts of motoneurons in adult chickens with those of the embryo. 
4. Mechanisms of Neuronal Depletion 
(a) Developmental cell loss 
There are several theories for the possible causes of neuronal 
death during development. The survival of motoneurons in other 
vertebrates seems to be dependent upon some form of contact with the 
peripheral field of innervation (Mark, 1980; Lamb, 1983). In the 
wallaby, cell death begins soon after muscle nerves branch into the limb 
musculature (see Chapter 2). These observations are similar to those 
found in aves (Romer, 1929; Wortham, 1948; Hamburger, 1975; Oppenheim 
and Major-Willard, 1978; Bennett et al., 1980, 1983), amphibia (Hughes, 
1968) and mammals (Bennett and Pettigrew, 1974; Harris, 1981a, b; Lance-
Jones, 1982; Harris and McCaig, 1984). The survival of motoneurons may 
be dependent on their ability to form synaptic sites, on the competition 
for available trophic factors or on their interaction with a specific 
ce ll a dh es i on mo lecul e (Cowan, 1973; Jacobs on, 197 8 ; Ma rk, 19 80 ; Grume t 
et a l., 1982 ; Be nn e tt, 198 3; Rut isch a use r, 1984) . These po t en ti a l 
r equirements for neuronal survival a r e not neces sa rily mutu a lly 
e xclusive. 
In chick embryos and rats it appears that most motoneurons 
initially grow to the 'appropriate' target muscle (Landmesser, 1978b; 
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Dennis and Harris, 1979; Lance-Jones and Landmesser, 1980a, b, 1981a, b; 
Dennis et al,., 1981). However, the pattern of innervation of individual 
embryon i c muscles does · not appe a r to be the same as that of the adult 
and the embryonic pat tern seems to become reo rganized during the phase 
of massive cell death (Bennett and Lavidis, 1982, 1984). It has been 
suggested that this reorganization corresponds temporally with muscle 
fibres becoming singularly innervated and that the loss of 
polyinnervation occurs because of neuronal death (Nurcombe et al., 1981; 
Bennett, 1983; Bennett et al., 1983b). 
Nurcombe et al. (1981) reported a reduction in the number of 
brachial motoneurons in the rat during the first postnatal week. 
Although this period does correspond with the initial period of loss of 
polyinnervation, some muscle fibres continue to be polyinnervated for 
one to two weeks after the completion of this phase of cell loss 
(Redfern, 1970; Benoit and Changeux, 1975; Rosenthal and Taraskevich, 
1977; O'Brien et al., 1978). In addition, while motoneurons and ventral 
root axons have been shown to undergo degenerative changes during the 
period of neuronal loss (Chu-Wang and Oppenheim, 1978a, b), degenerating 
axons have not been observed within muscle nerves during the period of 
loss of polyinnervation (Korneliussen and Jansen, 1976; Rosenthal and 
Taraskevich, 1977). This indicates that polyinnervation may not be lost 
by cellular degeneration. 
An interesting similarity between neuronal loss a nd the l oss of 
polyi nn e rvation is that both are dependent upon muscle ac ti vity . 
Motoneuron loss in the chick embryo can be prevented for as long as 
paralysis is maintained (Pittman and Oppenheim, 1978, 1979). Similarly, 
the loss of polyinnervation can be prevented by either tenotomy or 
chronic nerve block with lignocaine (Benoit and Changeux, 1975, 1978). 
106. 
However, motoneuron death commences at a stage when limb muscles consist 
of primary myotubes (McLennan, 1982; Harris, 1981a) whereas the loss of 
polyi nnerva tion occu r s after the formation of seconda r y myotubes 
(Redfern, 1970; cf. Harri s , 1981a). It seems, therefore, that the two 
phenomena occur in the presence of a vastly different target tissue. 
This is a further indication that the peripheral factors which control 
neuronal survival are not directly related to the loss of 
polyinnervation. 
(b) Prolonged period of cell loss 
Neuronal loss which occurs late in development, between 34-46 days 
and adulthood, may be the result of an entirely different mechanism to 
that which induces the early phase of massive cell loss. It could be 
argued that the prolonged phase of cell death arises because of a 
differential time~course in the loss of motor pools that innervate 
distal as opposed to proximal limb muscles. · Considering the time-course 
of limb development and neuronal depletion in the wallaby, this argument 
does not offer a satisfactory explanation. The phase of massive cell 
loss occurs soon after the major nerve branches grow into the limb (see 
Chapter 2), but the gradual loss of motoneurons continues well after the 
limb has become functionally mature. 
It could also be argued that gradual cell loss results in the 
diminishment of polyinnervated muscle fibres. In the rat, most muscle 
fibres have ceased to be polyinnervated by 20 days after birth (Redfern, 
1970; Rosenthal a nd Taraskevich, 1977; O'Bri e n et al. , 1978). Yet 
motoneuronal depletion from brachial levels seems to continue until at 
least 2-3 months of age (Tada et al., 1979; Rootman et al., 1981). 
Therefore, it seems that the gradual depletion of motoneurons does not 
(at least in most instances) result in the loss of polyinnervation of 
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muscle fibres. Alternatively, it could be argued that the loss of 
polyneuronal innervation at the neuromu s cular j unction causes s ome 
ne uro ns t o l ose a l l of their cont ac t s wi th the t a rge t tis s ue , with th e 
subsequent occurre n ce of neuronal deg ene rat io n. Like t he pre v iou s 
explanation, this mechanism for prolonged cell loss is incompatible with 
the time-course of the two events, at least in the rat (Redfern, 1970; 
Rosenthal and Taraskevich, 1977; O'Brien et al,., i978; Tada et al,., 
1979; Rootman et al,., 1981). 
Cellular degeneration appears to be a connnon feature of many organs 
during senescence. Is it likely, then, that the massive reduction in 
cell numbers found in the present study is an indication of 
senescence? One of the adult animals used was 2 years of age. The 
other two we re more than 3 years of age. Each of the animals was 
reproductively viable and none of the animals had either the gross or 
the behavioural appearance of senescent animals which have been observed 
in our enclosures. Taking account of these observations as well as 
those indicating a prolonged, gradual cell loss in rodents (Tada et al,., 
1979; Rootman et al,., 1981; Baulac and Meininger, 1983), it is suggested 
that the latter phase of cell loss occurs continually from the 
completion of embryonic cell death and may even continue for the 
remainder of the animal's life. 
It is also possible that the loss may be due to some control 
me chanisms, such a s the g radual refineme nt of c e ntra l synapses which 
influe nce moton e uro n ac tiv i t y . Ok a do a nd Opp e nh e i m (1 984 ) ha ve r epo rt ed 
that removing the descending and primary afferent input on lumba r 
motoneurons by ablation of the spinal cord at the 12th thoracic seg ment 
or removal of the lumbar neural crest in chick embryos causes an 
excessive loss in the number of lumbar motoneurons. They reported that 
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the excessive cell loss did not appear to occur until after the normal 
period of cell death. Interesting ly, the hindlimbs o f chi ck embryos are 
o nly c apable o f simp l e rhy thmi c mo ve me nt s until afte r t he pe r iod of 
ma ssive cell loss (Hamburge r a nd Ba l a ba n, 196 3; Hamburger et al., 1975; 
Oppenheim, 1972, 1975; Bekoff et al-., 1975). These behavioural studies 
indicate that the motor system consists of relatively simple circuitry 
during the main phase of cell death. The excessive loss of cells 
reported by Okado and Oppenheim (1984), may, therefore, have been due to 
the removal of central synaptic connections. A similar but naturally 
occurring loss of central connections - which may perhaps be only 
subtle changes in the central circuitry - may cause a prolonged, gradual 
depletion of motoneurons, as has been observed in the wallaby and in 
other mammals (Tada et aL., 1979; Rootman et al-., 1981; Baulac and 
Meininger, 1983). 
5. Summary and Conclusions 
Motoneuron death in the lumbar spinal cord of the tammar wallaby 
(M. eugenii) commences just prior to birth at E26. After birth (E28) 
the population declines rapidly until 57% of the cells have been 
depleted by 34-46 days of age. This decline in the population is 
accompanied by the appearance of degenerating cells within the motor 
column, signifying that the depletion is due to neuronal death. 
Motoneurons are distribut e d a long the ro s trocaud a l a xis betwe e n Ll 
a nd S2 : ma ny mo re c e ll s can be found a t mid-reg i o ns of the co lumn th a n 
a t either the rostral or the caudal ends. Since this distribution c a n 
be found at birth as well as at later stages of development, it appears 
that the enlargement of the lumbar motor column is not formed by 
selective neuronal depletion from the rostral a nd c a udal limits of the 
I 
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column. Cells were depleted from all levels along the rostrocaudal 
axis. 
Mo t oneuron depletion conti nu ed at a g radu a l r a te afte r the initial 
phase of rapid cell loss. This g radual depletion resulted in a further 
40% of cells (17% of the population present at birth) being lost between 
34-46 days and adulthood (> 2 years). The extent of gradual cell loss 
is similar to that found in other mammals, yet there have not been any 
reports of similar types of cell loss in non-mammalian vertebrates. The 
functional significance of gradual cell loss is not clear. It may 
represent a difference between the nervous systems of mammals and non-
mammalian vertebrates; perhaps it is an indication of the continued 
refinement of the mammalian motor system. 
The extent of developmental cell death in the motor column of the 
wallaby is similar to that found in both mammalian and non-mammalian 
vertebrates. It is also similar to other vertebrates in that motoneuron 
death commences shortly after the initial innervation of the limb 
musculature. The important feature of cell death in the wallaby is that 
virtually all of the motoneuron depletion occurs after birth. This is 
of great importance for developmental studies, since the major drawback 
in experimenting with placental mammals is the difficulty of 
manipulating animals in utero. 
The temporal pattern of motoneuron and nuscle development is 
s imilar to that of other vertebrates except that much of the development 
occu r s postnatally. Si n ce the motor sys t em of the wallaby does seem to 
be similar - in terms of cell death - to other vertebrates, the next 
series of experiments will test the idea that the long-term viability of 
motoneurons is dependent on the presence of limb musculature. 
I 
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CHAPTER FOUR 
EFFECT OF PERIPHERAL DEPRIVATION ON MOTONEURON SURVIVAL 
111. 
INTRODUCTION 
During the no rmal deve l opme nt of a variety of ve rt ebrates , 
a pproximately half of the mo toneurons whi ch mig r a t e in t o t he ve ntra l 
horn undergo cellular degeneration. This process begins soon after 
growing axons contact their target tissue (Hughes, 1968; Hamburger, 
1977; Mark, 1980; Lamb, 1983). In the absence of the target tissue 
virtually all of the motoneurons have been shown to degenerate 
(Hamburger, 1958; Hughes, 1962). 
Amputation of limb buds from chick embryos results in an excessive 
loss of motoneurons during the normal period of cell death (Shorey, 
1909; Hamburger, 1934, 1958; Barron, 1948; Hamburger and Keefe, 1959). 
Similarly, amputation of either the forelimb or hindlimb bud of amphibia 
causes a massive reduction in the number of surviving motoneurons 
(Stultz, 1942; Hughes and Tschumi, 1958; Hughes, 1962; Prestige, 1970; 
Fortune and Blackler, 1976). These observations initially led to, and 
have since supported, the theory that the survival of each motoneuron is 
dependent upon its making contact with the peripheral field which it 
normally innervates (Hamburger, 1934; Cowan, 1973; Jacobson, 1978; Lamb, 
1983). Several reports, in aves and amphibia, have indicated that this 
dependence is specific, since removal of small portions of a limb bud 
causes the selective loss of motor pools which normally innervate the 
a bla ted mu s cles (Lamb, 1981b; La ing , 1982 ; Whit e l aw a nd Holl yda y, 
19 83a ). 
Whilst it is well a ccept ed that the surviva l o f mo t oneurons in aves 
a nd amphibia is dependent upon contact with the limb musculature, 
relatively little evidence is available to support this idea is 
mammals. The only study of a mammali an spec i es under similar 
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experimental conditions has shown that up to 50% of motoneurons are 
lost, by 25 days after birth, from the lumbar spinal cord of the rat 
after unilateral hindlimb amputation at El4 (McLennan and Hendry, 
1981). Unlike other mammals, development of the limb bud an d 
developmental motoneuron death occur postnatally in the wallaby (see 
Chapters 2 and 3). These features permit experimental manipulations and 
observations to be performed postnatally in the wallaby whereas similar 
objectives would necessitate ~n utero manipulations in placental 
mammals. It was, therefore, the aim of this chapter to test whether or 
not the long-term viability of motoneurons, in the wallaby, is dependent 
upon the presence of limb musculature. These observations will allow 
further comparisons to be drawn between the possible mechanisms of 
neuronal survival in the wallaby and those of other vertebrates. 
-
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MATERIALS AND METHODS 
l. Surgery 
A se ri es of opera tions was performed on wallabies at day O in order 
to remove the tissue innervated by lumbar motoneurons. Wallabies 
carrying a pouch young were anaesthetized by intramuscular injection of 
Ketalar (ketamine, 15-20mg/kg body weight) and Rompun (xylazine, 2mg/kg 
body weight). Within 5-10 minutes of administering the anaesthetics, 
the adult wallabies were well sedated and easy to handle. 
In order to permit easy access to the pouch young, the adult was 
placed on her back and the lip of the pouch retracted. This exposed the 
neonate, attached to the teat and moving its forepaws vigorously. The 
neonates were anaesthetized with ice. Surgery was commenced only after 
all movement of the neonate had ceased. 
Unilateral amputations were performed at either the level of the 
hip (17 animals) or the knee (8 animals) (Figure 4.1). The hip was 
identified as that region proximal to the enlargement at the base of the 
developing limb. In order to remove the limb bud, the hind paw was held 
with jeweller's forceps and an incision made through the skin with 
sharpened tungsten needles. The skin was then cut and the required 
tissue removed with the aid of iris scissors. Bleeding was minimized 
with gelfoam and a triple antibiotic (Tricin) was applied to the 
wound. The adult wallaby and pouch young were then allowed to recover 
and returned to the holding pens . The following morning, and again 
seven days later, the adult was recaptured and the pouch examined for 
the presence of the pouch young. Ten neonates survived the 
operations. Two of these were expelled from the pouch by the mother 
prior to the completion of the experiment (Table 4.1). 
Figure 4.1: Photograph of a wallaby at day O showing the sites 
of amputation at the proximal thigh and the knee, 
scale bar = Smrn. 
Abbreviations: p site of proximal thigh 
amputation; k - site of amputation at the knee. 
114. 
115. 
Table 4.1: Survival of pouch young after unilateral hind limb 
amputation. 
Site of amputation 
Proximal thigh 
Knee 
Total 
Survived 
5 
3 
8 
Died before 
one week 
11 
4 
15 
Died after 
one week 
1 
1 
2 
Total 
17 
8 
25 
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2. His to logy 
Pouch young were allowed to survive until after the period of 
normal ce ll death. Those involved in limb deletions at the level of the 
knee survived for 36, 42 and 48 days r espectively. Those that had 
undergone a limb deletion at the hip survived for approximately 60 days 
(Figure 4.2). 
The three shank deletion and one of the hip deletion specimens were 
anaesthetized and fixed by perfusion with 2.5% glutaraldehyde in 0. lM 
phosphate buffer at 4°c and pH7 .2. The spinal cords of two specimens 
having had a limb deleted at the knee were removed between L3 and S2. 
All other spinal cords were removed between Ll and S2 as identified by 
tracing the dorsal root nerves from the respective vertebrae to their 
entry into the spinal cord. The cords were then prepared for wax 
histology as described in Chapter 3. For identification purposes, a 
shallow slice was made in the dorsal horn of the operated side along the 
rostrocaudal length of the specimen prior to embedding in wax. After 
embedding in paraffin wax, serial transverse sections were cut at lOum 
thickness. They were then dewaxed and stained with 0.5% cresyl violet 
at 56°c and pH 3.3 for times ranging between 2 and 5 minutes. 
3. HRP Procedures 
(a) HRP injections 
Horsera dish peroxidase (HRP, 10% w/v, Boehringer Grade 1) was 
ad mini s t e r ed as a series of injections into bo th the unoperated Limb a nd 
the hip region of the operated limb in one pouch young, and unilaterally 
into the unoperated limbs of two others. Each animal was removed from 
the pouch and anaesthetized with Ketalar and Rompun, administered via 
intraperitoneal injection. All injections of HRP were made using a 30G 
Figure 4.2: Photograph of a wallaby at day 60 following 
unilateral amputation of the limb at the proximal 
thigh at day O. 
(a) unoperated side 
(h) operated side 
Scale bar = 2cm. 
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needle attached to a 50 ul microsyringe. For HRP administration into 
unoperated limbs, a series of small injections ( totalling 20 ul) was ma de 
int o th e g l u t ea l, do r sa l thig h, ve n t r a 1 t h igh , calf a nd f oot 
musculature. 
For HRP administration into the amputated side of one animal, the 
hip was localized by palpation and Sul was injected into the remnant 
muscle via two small injections, thus reducing the likelihood of the 
spread of HRP into dorsal trunk muscles. After the injections small 
brown spots of HRP were observed to be localized within the hip region. 
At the completion of each series of injections, the pouch young 
were allowed to recover, and were held within an incubator in a moist 
environment at 35°C for 24 hours. 
(b) Storing pouch young overnight 
Pouch young were held for 24 hours within a moist environment in an 
incubator at 35°c. A suitable environment within the incubator was 
obtained by using a sealed plastic container (measuring 23.0 x 12. 5 x 
9.5cm) lined with moistened absorbent paper. After being held out of 
the pouch for 18 hours, the animals were given a solution of 10% glucose 
in O. lM phosphate buffer. This solution was administered orally with 
the aid of a 1ml syringe every 2-3 hours until termination of survival. 
(c) Dissections of HRP specimens 
After 24 hours survival the animals were re-anaesthetized with 
Ke tala r a nd Rompun, and fixed by tra nsca rdi a c perfu s i on with 0 .9% s aline 
a t 35° c f o llowe d by 2 .5% g lut a r a ld e hyd e in 0 .lM phos pha t e bu ffe r a t 4°c 
and pH 7.2 (for details see Chapter 2). An incision was made in the 
skin dorsal to the lumbar vertebrae. The fascia, underlying muscles a nd 
dorsal vertebral processes were removed between the caudal thoracic and 
caudal sacral vertebrae. A slit was the n made in the dura mater under a 
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dissecting microscope and using number 5 jeweller's forceps, iris 
scissors and sharpened tungsten needles. Following dissection the 
specimen was post-fixed in the same fixative for 12-18 hour s a t 4°c. 
After post-fixation the spinal cord between Ll and S2 was 
identified by tracing the dorsal root nerves from their respective 
vertebrae to their point of entry into the cord. This length of spinal 
cord was removed under a dissecting microscope, and transferred to O.lM 
phosphate buffered solutions of 5% and 10% sucrose at 4°c and pH7.2 for 
periods of l hour each. They were then transferred to a solution of 30% 
sucrose in the same buffer and stored at 4°c for 24 - 48 hours. In 
order to aid in the identification of the two sides of the cord, a 
shallow slice was made in the dorsal horn along the length of the cord 
and on the operated side using either a scalpel blade or a single-edged 
safety razor. 
(d) Embedding in albumen and gelatin 
In order to enlarge the size of the spinal cord block and thereby 
make it easier to handle frozen sections, the specimens were embedded in 
a solution of albumen and gelatin prior to sectioning. The embedding 
medium consisted of 45g albumen, O. 75g gelatin and 45g of sucrose in 
150ml of O. lM phosphate buffer at pH 7. 2. The albumen and the gelatin 
were firstly dissolved in separate solutions of buffer at 35°c. The two 
solutions were then combined with a sucrose solution and stored at 4°C 
for up to 4 weeks prior to use. 
The embedding procedure was as follows. Appr oximately five drops 
each of embedding solution and 25% glutaraldehyde were mixed in a small 
plastic container (e.g. a wax embedding mould). The specimen was placed 
into this solution. The solution hardened rapidly to form a base for 
the specimen. Approximately 5ml of a mixture containing 10 parts of the 
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embedding medium and 1 part 2.5% glutaraldehyde were added to the 
container so as to completely cover the specimen. The embedde d block 
was dried at r oom temperature for 20 minute s then st o red a t 4°c fo r a 
f urthe r 15-30 minut es pri o r to se cti oning . 
(e) Histochemistry 
After the embedding medium had set thoroughly, the block was 
trimmed and sections were cut at 30 um on a freezing microtome. The 
sections were collected in trays containing 0.lM phosphate buffer at pH 
7 .2 and kept on ice. The sections were treated for the localization of 
HRP labelled cells with a solution of 3, 3', 5,5' tetramethylbenzidine 
(TMB, Sigma) and 0.03% H20 2 (Mesulam, 1976a, b). After reacting with 
TMB, the sections were rinsed in several changes of acetate buffer at 
4 °c and pH 3. 3. They were then stored overnight in acetate buffer at 
4°C before being mounted, from buffer, onto double gelatinized glass 
slides. Mounted sections were dried overnight at room temperature and 
in the presence of formalin vapour. 
Dried sections were counterstained in a solution of 1% neutral red 
in acetate buffer at room temperature and pH 3.3 for 7-10 minutes. 
Since the TMB reaction product is highly soluble in alcohol (Adams, 
1980) the sections were dehydrated rapidly in graded alcohols - 70%, 95% 
and 100% ethanol for 10 seconds each and foll owed by two changes of 10 0% 
ethanol for 30 seconds each 
examined with a lig ht microscope. 
4 . Counting Proce dure 
(a) Cresyl violet s t a ine d tissue 
cleared in xylene, coverslipped and 
Cells were identified as motoneurons by using positional a nd 
morphological criteria a s described in Cha pter 3. Lateral motoneurons 
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which contained a single nucleolus were counted in every tenth section 
at a magnification of 390 times (Figure 4.3a). The number of cells was 
recorded against the side of the cord and the section number. Since the 
nucleolus was small relative to the section thickness, no cor rection was 
made for possible double counting of cells due to split nucleoli. For 
each specimen, the total number of sections was tallied and divided into 
10 equal groups. By counting the number of cells in each of these 
groups the distribution of cells along the rostrocaudal axis could be 
determined. 
(b) HRP labelled cells 
Cell profiles labelled with blue granules of HRP reaction product, 
and unlabelled motoneurons which contained a single nucleolus, were 
counted as separate populations in every fourth section at a 
magnification of 390 times (Figure 4.3b). The numbers were recorded 
similarly to those in cresyl violet stained tissue. The unlabelled 
cells were not corrected for double counting of split nucleoli but the 
counts of labelled cells were corrected using the formula of Abercrombie 
(1946). 
In order to apply Abercrombie's formula I needed to find the mean 
diameter of motoneurons in each specimen. Using a camera lucida, the 
profiles of 200 labelled cells, from each side of the cord, were 
outlined under oil immersion and at a magnification of 1650 times. In 
order to reduce the chances of drawing narrow profiles of cells, and 
thus a rtificially r educing the mean diameter, a ll ce lls whi ch we r e 
outlined contained profiles of both the nucleus and nucleolus. The 
outlines of profiles were then traced onto a Digitizer board attached to 
an Apple Europlus microcomputer. 
Figure 4.3: Photomicrographs of transverse sections through the 
lumbar spinal cord of wallabies 60 days after 
unilateral limb amputation at birth, showing 
motoneurons on the unoperated side of the cord. 
(a) specimen stained with cresyl violet 
(b) HRP-labelled cells after unilateral injection 
of HRP into the unoperated hindlimb. The specimen 
was reacted with TMB and H2o2 and counterstaine<l 
with 1% neutral red, scale bar= SOum. 
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By using this procedure the total number of motoneurons and the 
number of labelled motoneurons on each side of the cord could be found 
and plotted ag ainst the relative distance a l o ng th e r os troca ud a l axi s 
between Ll and S2. 
5. Distribution of Motoneurons 
The distribution of motoneurons was mapped in each spinal cord with 
the aid of a camera lucida. Ten sections were chosen which were 
distributed at equal distances along the cord, beginning with a rostral 
section located at !/20th the distance between Ll and S2. The spinal 
cord and grey matter were drawn, and a mark made indicating the location 
of labelled and unlabelled motoneurons at a magnification of 156 
times. Each section was then examined at 390 times magnification to 
verify that all motoneurons had been identified. 
6. Limb Dissections and Histology 
(a) Bone measurements 
The pelvic girdle and hindlimbs from two animals which had 
undergone amputation at the hip and two others amputated at the knee 
were dissected to demonstrate the remnant musculature and bone. After 
dissection, the muscles were carefully removed from the bones under a 
dissecting microscope with the aid of jeweller's forceps and a pair of 
iris scissors. Once most of the muscle had been removed, the limbs were 
pl a ced in water at 80°c for 3-4 hours (Disbrey and Rack, 1970). The 
remainder of the muscle and connective tissue was gently scraped away, 
individual bones separated from one another and dried on a warming plate 
at 4o 0 c. After becoming thoroughly dried, each bone was weighed and the 
length measured with Vernier calipers. 
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(b) Staining for nerve fibres and muscle 
The operated and unoperated sides of the body - including the 
trunk, pelvic gi rdl e and thigh - of one animal which had undergone an 
ampu tation at the hip were processed separately in order to identify 
remaining nerves and l'!l.lScle. The two blocks we re embedded in so0 c 
melting point wax and sectioned serially at 15 um thickness. From each 
block, alternate groups of 6 sections were placed in one of two 
series. One series was dewaxed and stained using the picro-Mallory tri-
colour procedure (Disbrey and Rack, 1970). This procedure stained 
nuclei, yellow; nerve fibres, connection tissue and cartilage, blue; and 
muscle, red. The second series of sections was dewaxed and stained with 
the Holmes' modified silver technique (Frazer Rowell, 1963). 
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RESULTS 
1. An a t omy o f Re mn an t Li mb s 
(a) Amputati o n at the proximal thigh 
Approximately 60 days after amputation at the hip, the young 
wallabies were removed from the pouch. Some movement of hip musculature 
was noticeable on the operated side indicating that part of the proximal 
femur and its muscular attachments remained. It was clear that most of 
the thigh and all of the lower leg had been removed during the 
amputation (Figure 4.2). 
Following dissection of the limbs it appeared that the gluteal 
musculature was relatively untouched by the operation. However, since 
the shape of the pelvic bones was distorted it seems that their 
insertions were also distorted. 
greatly distorted by the operation. 
Other hip and thigh muscles were 
Thigh muscles with origins on the 
pelvic girdle or proximal femur, which normally insert at more distal 
parts of the femur, tibia or fibula, formed a dense tendinous insertion 
on the distal stump of the femur. 
The operation resulted in the distortion of the pelvic girdle and 
the ablation of at least two-thirds of the femur as well as all of the 
distal limb (Figure 4.2; Tables 4.2, 4.3). Based on observations of the 
bones which were present and upon histological examination of the 
muscular insertions (Fig ures 4.4a, 4. 5) it seems that most hip and 
pro x i ma l thig h mu sc l es we r e a t l eas t pa rti a lly present. Some of th ese 
muscle s , particularly those with normal orig ins and ins e rti o ns o n the 
pelvic girdle and the proximal femur, appeared to have been unaffected 
by the operation, whilst dorsal and ventral thigh muscles which insert 
onto bones of the lower leg were almost totally removed. 
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Table 4.2: The weight of bones in each limb following amputation at 
either the proximal thigh or knee 
Bone Site of amputation 
Pelvis 
Femur 
Tibia 
Fibula 
Proximal thigh Knee 
Unop. (mg) 
18 
22 
29 
5 
Op. (mg) 
17 
4 
~ 
Unop. 
44 
18 
Unop. (mg) 
5 
2 
3 
<l 
Op. (mg) 
4 
2 
<l 
<l 
Unop. 
80 
100 
? 
? 
Weights after amputation at the proximal thigh are the average of 2 
animals. 
Weights after amputation at the knee are from 1 animal. 
Unop. 
Op. 
unoperated side, 
operated side. 
Op. = percentage of operated compared to unoperated weight of bones 
Unop. 
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Table 4.3: The length of bones in each limb following unilateral 
amputation at either the proximal thigh or the knee. 
Bone 
Pelvis 
Femur 
Tibia 
Fibula 
Unop. (mm) 
n.a. 
12.20 
18.5 
18.3 
Site of amputation 
Proximal thigh 
Op. (mm) 
n.a. 
3.2 
~ 
Unop. 
26 
Unop. (mm) 
n.a. 
6.6 
8.0 
8.0 
Knee 
Op. (mm) 
n.a. 
6.1 
2.6 
2.6 
.2.E..:__ 
Unop. 
92 
33 
33 
Lengths after amputation at the proximal thigh are the average of two 
animals. 
Length after amputation of the knee are from one animal. 
Unop. = unoperated side 
Op . operated side. 
Op . = percent age of operated compared to unoperated length of bones 
Unop . 
Figure 4.4: Photomicro5 r.aph sho...,ing the appearance of l!llscles 
rem;iining on the operated side at day 60, following 
Picro-amputation at the proximal thigh at day O. 
Mallory's tri-stain, scale bar= 0.5 mm. 
Abbreviations: g - gluteal muscles; p- pelvis 
f - femur. 
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Figure 4.5: Photograph showing the bones of the hindlimb present 
on the unoperated (left side of the figure) and 
operated sides (right side of the figure) following 
amputation at (a) the proximal thigh and (b) the 
knee. The operations were performed at day O and 
the animals survived until (a) 60 days and (b) 35 
days of age respectively, scale bar= 1cm. 
Ahhreviations: p - pelvis; Em - femur; Eb - fibula; 
t - tlbla. 
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(b) Amputation at the knee 
After amputation of the distal limb, virtually all of the bone and 
musculature of the l ower leg and foot were removed (Figure 4 . 4b; Tables 
4.2, 4.3). The only injuries to thig h mus cul a ture were those rela ting 
to ablation of the distal insertions of both dorsal and ventral thigh 
muscles in two experiments. 
2. Cell Counts 
After examining the cords under the microscope, it was apparent 
that motoneurons had been lost from the operated side along the 
rostrocaudal axis between Ll and S2 (Figure 4.6). There were no obvious 
differences in either the size or the morphology of cells on either side 
of the cord In one specimen, in which cell diameters were measured for 
both sides, the mean diameters of motoneurons on the operated and 
unoperated sides were 9. 2um and 8. 9um respectively. The frequency of 
distribution of cell diameters was also similar on both sides of the 
cord (Figure 4.7). Qualitatively, the dorsal horn also appeared to be 
depleted on the operated side (Figure 4.6). This observation is similar 
to that previously reported for the spinal cords of aves and amphibia 
after limb amputations (Shorey, 1909; Barron, 1948). 
The number of lumbar lateral motoneurons were counted in eight 
successful experiments. Table 4.4 shows the number and proportion of 
cells that survived in each experiment. The number of mo toneurons on 
the unoperated side was no t significantly different (hip ampu t ation , P > 
0.50; knee amputation, P > 0.70) to that of controls. Conversely, the 
mean numbers of motoneurons on the operated sides were significantly 
different to that of the unoperated sides (hip amputation, P < 0.001; 
knee amputation, P < 0.01). 
Figure 4.6: Photomicrograph of a transverse section through the 
lumbar spinal cord of the wallaby, at day 61, 
following amputation of the llrub at the proximal 
thigh at day O. The oper.:1te<l !il<le is on the right 
hand side of the figure. Arrow indicates the s lte 
from which cells are totally missing on the operated 
side. Cresyl violet stain, scale bar ,. 1mm. 
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Figure 4.7: A histogram showing the percentage of HRP-labelled 
eel ls plotted against the cell diameter for 
motoneurons on the unoperated and operated sides of 
the cord following amputation of the limb at the 
pro>Cl,o;tl thlgh. One wallaby aged 60 days was used 
for thls fl~ure ~nd a total of 240 cells (1S0 on the 
unoperated side, 90 on the operated side) diameters 
were determined with the aid of a dlglt lzer board 
and an Apple II Europlus microcomputer. 
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Table 4.4: Motoneuron survival after unilateral limb amputation 
Amputation Age (days) 
Proximal thigh 59 
Proximal thigh 61 
Proximal thigh 62 
Proximal thigh 63 
Proximal thigh 77 
Knee 36 
Knee 42 
Knee 48 
Control 34-46 
Control 80-91 
Proximal thigh mean 
S.E. 
Kne e mea n 
s . t:: . 
Number of cells 
Unoperated 
side 
8968 
10500 
10540 
11940 
9253 
10200 
9980 
11220 
11618 
(S.E. 144) 
10658 
(S.E. = 330) 
10186 
632 
10467 
468 
Operated 
side 
3630 
4880 
4028 
3182 
2992 
8180 
7320 
8050 
3242** 
376 
7850* 
128 
Cell 
Survival 
41. 7 
46.5 
38.2 
26.6 
32.3 
80.2 
73.3 
71. 7 
37.06 
3. 91 
75. 07 
1 . I Y 
Statistical analysis - 2 tailed Students t test 
The number of cells on the operated side wa s significantly different 
from the number on the unoperat ed side: * ** C p < 0.01, = p < 0.001. 
< 
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(a) Amputation at the proximal thigh 
After amputation at the proximal thigh, the pou ch young were 
allowed to s urvive for betwee n 59 and 77 day s . By thi s time, the number 
of lateral motoneurons on the operated side had fallen to 3,742 (S.E. = 
376) compared to 10,186 (S.E. = 632) on the unoperated side. Relative 
to the number of cells present at birth (27,017 ± 2,067), when the 
operations were performed, these figures represent total losses of 86% 
and 62% on the operated and unoperated sides, respectively. These 
observations are similar to those reported for amphibia, aves and other 
mammals following limb bud extirpations. I have found that 
approximately 37 .1% of lumbar motoneurons survived the operation. This 
compares with the survival of 20-50% of motoneurons reported by other 
authors (Hamburger, 1934; Romanes, 1946; Barron, 1948; Beaudoin, 1955; 
Hamburger, 1958; Hughes, 1962; McLennan and Hendry, 1981). 
In order to determine the extent of cell loss along the 
rostrocaudal axis, the number of motoneurons was plotted against the 
axis between Ll and S2. The distance between these two segments was 
divided into ten equidistant segments (Figure 4.8). On either side of 
the cord there were very few cells found at the rostral and caudal 
limits of the column. The peak number of motoneurons was found at mid-
regions along the cord, 60- 70% of the distance along the column. Some 
degree of cell loss occurred along the entire length of the column. 
However, most of the cell loss occurred at the mid and caudal levels of 
the cord. 
(b) Amputation at the knee 
After unilateral amputation at the knee, pouch young survived for 
between 36 and 48 days. The depletion of cells from the dorsal horn was 
not as noticeable as after proximal amputation. However, it was clear 
I • 
Figure 4. 8: A series of graphs, each from an individual animal, 
showing the number of motoneurons plotted against 
the percentage distance along the rostrocaudal axis 
between Ll an<l S2. 
animals sacrificed 
The counts were done using 
59-77 days after unilateral 
amputation at the proximal thigh at day 0. Counts 
of cells on the unoperated side are shown by closed 
circles (•), and those of the operated side by open 
circles (0). 
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that motoneurons were missing especially from dorsolateral regions of 
the motor colullll1 (Figure 4.9). As shown in Table 4.4, 7,850 (S.E. 
328) motoneur ons survived the operation. Thus 75.1 % (S.E. = 3. 2) of 
motoneurons survived, indicating that almost twice the number of cel ls 
survived this less extensive operation. The difference in the number of 
cells that survived the two operations was significantly different (P < 
0.001). 
The number of motoneurons on each side of the cord was plotted 
against the rostrocaudal axis (Figuie-~.10). Motoneurons were lost from 
mid- and caudal regions of the column but not from the most rostral 
levels. Figure 4. 10 also shows that total cell loss did not occur at 
any level of the cord. This observation is interesting since, in most 
other vertebrates, there is a rostrocaudal overlap in the location of 
motor pools which innervate calf, thigh and gluteal lll.lSCulature 
(Romanes, 1946; Cruce, 1974; Landmesser, 1978a; McHanwell and Biscoe, 
1979; Nicolopoulos-Stournaras and Iles, 1983). 
3. Counts of HRP Labelled Cells 
(a) Bilateral injections with HRP 
Since lateral motoneurons were located on both sides of the cord 
after limb extirpation, it was necessary to test that these cells were 
motoneurons and that they did innervate limb musculature. HRP labelled 
cells were counted after a series of injections of the enzyme into the 
unoperated limb and into the pelvi c region of the operated side of one 
pouch young whose limb had been amputated at the hip at birth. This 
procedure resulted in heavily labelled motoneurons being found on both 
sides of the cord along the whole axis between Ll and S2 (Figure 
4.lla). Almost all of the neurons in the lateral motor column were 
( I 
Figure 4.9: Photomicrograph showing a transverse section of the 
lumbar spinal cord from a wallaby at day 36 
following amputation at the knee at day O. The 
unoperated side is on the left of the figure, the 
operated side on the right. The arrow indicates the 
region from which cells are totally missing in the 
dorsal part of the motor column on the operated 
side. Cresyl violet stain. 
(a) Cross-section at seven-tenths the distance from 
Ll to S2 (i.e., IA - LS). 
(b) Cross-section at the caudal end of the motor 
column (Le.• nine-tenths the distance between Ll 
~nd S2; Sl - S2), scale bar~ 0.2mm. 
Ahbrevi.ations: m - motor colu mn. 
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Flgure 4.10: A series of graphs, each from an individual animal, 
showing the number of motoneurons plotted against 
the percentage distance along the rostrocaudal axis 
between Ll and S2. The counts were made of cresyl 
violet-stained cells and performed on animals 
sacrificed 36-48 days after unllateral llmb 
amputatlon .:-\t the knee on day O. Counts of the 
unoper-'ited side are shown by closed circles (e) and 
by open circles (0) on the operated side. 
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Figure 4. 11: A series of photomicrographs of transverse sections 
of spinal cords at day 59-77 showing the location of 
HRP-labelled cells after injections of HRP into (a) 
the unoperated limb and the remaining mus·culature of 
the operated limb, (b) the unoperated limb and (c) 
the calf and foot musculature of the unoperated limb 
of wallabies. which had undergone unilateral 
amputations of the proximal thigh at day O. Note 
that in figures (a) and (b) a distinct group of 
cells is absent from the dorsal part of the motor 
column on the operated side. In figure (c) the 
location of labelled cells on the unoperated side 
correlated with the position from which cells were 
missing on the operated side. In each figure th e 
arrow indicates the region from which cells are 
missing on the operated side. Sections were reacted 
with TMB and H2o2 and counterstained with 1% neutral 
red, scale bar= 1mm. 
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labelled with HRP reaction product (Table 4.5). 
Figure 4.12a shows the distribution of HRP labelled cells along the 
rostrocaudal axis after bilateral injection. By compar ing Figures 4.8 
and 4.12a, three specific points were apparent. Firstly, cel ls were 
correctly classified as motoneurons in the counts of cresyl violet 
stained material. Secondly, all of the motoneurons in the lateral motor 
column did innervate hindlimb nusculature. Therefore it is unlikely 
that cells survived by forming 'inappropriate' connections with trunk 
musculature. Thirdly, since vi rtu;;i.lly all neurons in the motor column 
were labelled, it seems that no interneurons were present within the 
motor column, and therefore counts of normal tissue were not biased by 
the presence of these cells. 
(b) Unilateral injections with HRP 
Since motoneurons innervated the hindlimb musculature (Table 4. 5; 
Figure 4.12a), I performed a series of experiments in order to test the 
idea that surviving motoneurons may innervate the unoperated limb. 
Labelled cells were c~unted after unilateral injection of HRP into the 
unoperated hindlimbs of two pouch young. Most neurons (82.7% and 91.0%) 
in the ipsilateral lateral motor column were labelled. In contrast, 
very few cells were labelled on the contralateral side (Table 4.5; 
Figure 4.llb). The small number of unlabelled cells in the ipsilateral 
motor column were of equivalent size and morphology to labelled cells 
and were located intermingled with the labelled cells. They were 
therefore deemed as being unlabelled motoneurons wh e n determining the 
total motoneuron counts (Tables 4.4 - 4.5; Figure 4.8). 
Figures 4.12b, c show the distribution of labelled cells along the 
rostrocaudal axis. The distribution of ipsilateral labelled cells is 
similar to that shown previously (Figure 4.8). The small number of 
14 l. 
Table 4.5: Number of HRP labelled motoneurons in proximal thigh 
operated wallabies 
Age (days) HRP 
59 
62 
63 
77 
bilateral 
unilateral 
unilateral 
unilateral 
calf 
Number of labell ed cells 
Unoperated Operated 
side 
8650 
8716 
10872 
2109 
side 
-3612 
30 
La be lled cells (%) 
Unoperated Operated 
side 
99.4 
82.7 
91.0 
22.8 
side 
99.5 
0.9 
Fi gu re 4 • l 2 : A series of graphs, each from an individual animal, 
show i ng the number of HRP-labelled motoneurons 
plotted against the rostrocaud;il axls between Ll and 
S2. The counts were performed on wallabies 59-77 
<lays rtfter unl lateral amputation at the proximal 
thigh at d.-:iy O. The slte of injection of HRP for 
each graph .was as follows: (a) both the unoperated 
limb and the remaining musculature on the ope r ated 
side, (b and c) unilateral into the unoperated limb 
and (d) unilateral into the calf and foot 
musculature of the unoperated side. Counts of the 
unoperated side are shown with closed circles ( •) 
;ind those of the operated side by open circles (0). 
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contralaterally labelled cells were found scattered within the motor 
column and therefore were not projections from an individual motor 
pool. 
4. Innervation of Remnant Muscles 
The labelling of cells with HRP indicated that neurons which <. 
survived the operation were able to invade the remnant musculature. I 
have made a histological examination of the remnant limb tissue of one 
specimen in order to verify that the remnant muscles were innervated. 
Nerve pathways could be traced from the spinal cord to the gluteal 
muscles and to muscle within the stump of the limb. The pathway to the 
gluteal ODJScles was similar to that on the unoperated side but the 
pathway of more distal nerves seemed to be distorted. Figure 4.13 shows 
a muscle nerve branch of the sciatic nerve invading one of the dorsal 
thigh muscles. It was not possible to identify individual limb muscles, 
excepting the gluteals, owing to the gross distortion of the pelvic 
bones and the femur, and to the subsequent distortion of the sites of 
origin and insertion of remnant muscles. Other muscles (both dorsal and 
ventral thigh) were similarly invaded by muscle nerves. 
5. Localization of Motoneurons 
There appeared to be an overlap in the rostrocaudal location of 
motoneurons that innervate the thigh and calf musculature. In aves and 
amphibia, deletion of a specific g r oup of muscles causes th e t o t a l l oss 
of the corresponding motor pools (Lamb, 1981b; Lance-Jones and 
Landmesser, 1981b; Whitelaw and Hollyday, 1983a). In order to test that 
motoneurons were specifically dependent upon contact with the muscles 
that they normally innervate, the location of motoneurons was mapped 
Figure 4.13: Photomicrograph showing the innervation of remaining 
muscles on the operated side following uni lateral 
amputation of the hindlimb at day 0 and sacrifice of 
the wallaby at day 60. ·Picro-Mallory's tci-stain, 
scale bar= 0.5 mm. 
Abbreviations: f - femur; g - gluteal muscles; p -
pelvis;n -nerve passing into remaining hip muscles. 
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from one section at every ten percentile segment along the cord after 
either operation (Figures 4.14 - 4.17). 
Figures 4.14 and 4.15 show the distribution of labelled and 
unlabelled cells after bilateral and unil atera l injections of HRP. On 
the unoperated side, motoneurons were located in the ventrolateral 
spinal cord at and caudal to L 1. The number peaked at the mid-region 
along the rostrocaudal axis then declined rapidly towards the caudal 
limits. Caudally, the column occupied a ventrolateral position but also 
spread more dorsolaterally. On the operated side, the column occupied a 
similar ventrolateral position. However, in the caudal half the column 
did not occupy as great a portion of the cord as on the normal side. 
Particularly, the dorsally located cells appeared to be missing. At 
mid-regions along the column it was difficult to determine whether this 
absence of cells represented a loss of specific motor pools or if 
surviving motoneurons had aggregated into the ventrolateral loci. 
However, towards the caudal end, the dorsolateral group of motoneurons 
was totally absent. 
Figure 4.16 shows the distribution of motoneurons after deletion of 
the limb below the knee. The unoperated side was similar to that shown 
in Figures 4.14 and 4.15, whereas on the operated side the mid-regions 
of the column extended dorsally to the position occupied by the column 
after the more extensive amputation. Caudally, however, motoneurons 
were clearly absent from the dorsolateral loci, 
At the very l eas t, the mo tor column was t o t a ll y ahse nt in the 
dorsolateral part of its caudal extent following either operation. 
After either operation, the musculature of the lower leg a nd foot was 
clearly missing. These observations indicated that perhaps all calf and 
foot motoneurons had been lost. In order to test this idea, HRP 
Figure 4.14: Diagram showing the distribution of HRP-labelled 
cells between Ll and S2 at 59 days of age following 
unilateral amputation at the thigh and injection of 
HRP into both the unoperated limb and the remaining 
musculature on the operated side. The left side of 
the figure is ipsilateral to the unoperated limb. 
Each cross-section is taken from one transverse 
section of the spinrll cord at each 10 percentile 
distance along the cord. Each closed circle 
represents the lacAtion of one cell. 
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L1 
S2 
Flgure 4.15: Diagram showing the distribution of labelled and 
unlabelled cells between Ll and S2 at 60 days of age 
following unilateral amputation of the proximal 
thigh and injection of HRP into the unoperated 
limb. The left hand side of the figure ls 
ipsil.3.teral to the injection of HRP. Labelled cells 
are indicated by closed circles (e) and unlabelled 
cells by open circles (0). Each cross-sect ion is 
taken frorn one transverse section of the spinal cord 
at each 10 percentlle <listance along the cord. Each 
circle represents the location of one cell. 
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Fi gu re 4 • l 6 : Diagram showing the distribution of motoneurons 
between Ll and S2 at 36 days of age, following 
unilateral amputation at the knee at day O. The 
left hand side of the flgure ls on the unoperated 
slrle. Each cross-section is taken from one 
transverse section of the spinal cord at eac h lO 
percentile distance along the cord. 
represents the location of one cell. 
Each dot 
14 8 . 
L1 
S2 
F i gu re 4 • 1 7 : Diagram showing the distribution of labelled and 
unlabelled cells between L1 and S2 at 77 days of 
age, unilateral amputation at the proximal thigh and 
injection of HRP into the calf and foot musculature 
on the unopec;it~d 5ide. The left hand side of the 
flg,.ic,~ ls lpsllateral to the HRP-injected limb. 
Labelled cells are i..ncHcated by closed circles (e) 
and unlabelled cells by open ci..rcles (o). Each 
cross-section is taken from one transverse section 
of the spinal cord at each 10 percentile distance 
along the cord. Each circle represents the location 
of one cell. 
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labelled calf and foot motoneurons were localized and counted in a 
single specimen which had undergone unilateral amputation o f the 
proximal thig h (Figure s 4.llc, 4.12d). 
of specific neuromuscular dependence. 
The r esult s s upport e d the id ea 
Approximately 2110 cells we r e 
labelled in the caudal one-third of the motor column (Figure 4.12d; 
Table 4.5). Labelled cells were only located in regions of the motor 
column which had been depleted of cells on the operated side (Figure 
4.17). Thus, cells were labelled in the dorsolateral part of the motor 
column, which corresponded to ·a· . region of complete contralateral 
neuronal depletion, at the mid and caudal levels of the cord. 
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DISCUSSION 
Similar to observations in other vertebrates, an excessi ve amou nt 
of motoneuron loss was found in the a bse nce of limb musculature (Hughes , 
1968; Hamburger, 1977; McLennan and Hendry, 1981). The amount of cell 
loss varied depending on the amount of limb tissue removed, and the 
motoneuron pools which were lost seemed to depend on the particular 
muscle tissue that was removed. 
1. Technical Considerations 
Counts were made of unlabelled cells with nucleoli and of labelled 
cell profiles. Counts of nucleoli were not corrected for double 
counting of split profiles since the chances of splitting the nucleoli 
are small (see Chapter 2). The counts of labelled cell profiles were 
corrected to determine an accurate estimate of the number of labelled 
cells. In the case ,of labelled cells, other authors have counted 
nuclear profiles (Lance-Jones, 1982) and it could be argued that 
nucleolar profiles should have been counted. However, neither nuclear, 
nor nucleolar profiles were observed in many heavily labelled cells. 
Since these cell profiles may have contained a nucleus and nucleolus 
which were obscured by the labelled granules, labelled cell profiles 
were counted in order to reduce the likelihood of undercounting. 
2. Effects of Axotomy 
At the time of amputation, many axons destined for proximal 
musculature had already entered the limb (see Chapter 2). The resultant 
axotomy may have complicated the results if neurons had subsequently 
degenerated due to injury rather than because they had lost contact with 
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their target cells. This complication was less of a problem in 
experiments that involved amputation at the knee rather than at the 
proximal thigh, but s t i ll some a xons would ha ve entered the dis t al limb 
and been damaged by axo t omy . 
Prestige (1970) showed that lumbar motoneurons in Xenopue Laevie 
degenerate rapidly soon after the neurons have become dependent on the 
limb. However, cells appear to survive for longer periods when the 
amputation is performed at stage 52, after axons have entered the limb, 
rather than at stage 50, which is prior to limb innervation (Prestige, 
1967, 1976). In addition, motor axons of Xenopus Laevis will regenerate 
if they are axotomized prior to the commencement of cell death and the 
limb bud left intact (Lamb, 1981a). Importantly, while some 
degenerating cells had been observed by the time of amputation in the 
present study, well over 90% of the cells destined to be lost had still 
not entered a degenerative phase (see Chapter 3). The observations of 
Prestige (1976) and Lamb (1981a) indicate that any axotomized motor 
axons will regenerate if limb musculature is present. In addition, 
numerous in vitro studies have shown that identified motoneurons, which 
have been axotomized and grown as an explant or as dissociated cells, 
will extend neurites in the presence of glial, mesenchymal or muscle 
cells, or of substrates derived from limb muscle (Bennett et aL., 1980; 
Nurcombe and Bennett, 1982, 1983; Eagleson et aL., 1984). 
Thus in the present study, any axotomized axons should have had the 
ca pac ity t o r ege nera t e a nd i nne rva te r emn a nt mu s cul a tur e . If they we r e 
unable to innervate norma lly inappropriate llUSCle and subs equently 
degenerated then the loss is viewed as being due to the lack of target 
tissue rather than to any effect of axotomy per se. 
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3. Motoneuron Loss After Limb Amputation 
(a) Proximal limb amputation 
Periphera l deprivation caused an e xcess ive loss of mo t oneurons f r om 
the lumba r mot or co lumn. Amputation at the proximal th igh res ul t ed in a 
loss of up to 73%, and this loss occurred along the entire length of the 
lumbar motor column. The extent of ipsilat eral motoneuron survival in 
the present experiments (37%) is comparable to the proportion of cells 
(20-50%) which have been reported to survive following unilateral limb 
bud removals in other species (Hamburger, 1934; Romanes, 1946; Beaudoin, 
1955; Hamburger, 1958; Hughes, 1962; McLennan and Hendry, 1981). 
In a previous study of neural dependency in mammals, McLennan and 
Hendry (1981) performed unilateral limb bud amputations on fetal rats at 
El4. After 25 days postnatal, which is after the phase of massive cell 
death - (Nurcombe et ai., 1981), the motoneuron population on the 
operated side was reduced by 50%. Considering the capacity of a small 
amount of limb tissue to maintain a relatively large proportion of 
motoneurons, as reported in the present and previous studies (Hamburger, 
1934), it would seem that most reports of limb bud removals and neuronal 
dependency - including those of McLennan and Hendry (1981) and others 
mentioned above - have involved some remnant limb tissue. This lack of 
complete limb removal is probably best explained as arising from the 
inherent difficulty of completely removing the proximal thigh and pelvic 
muscles without inflicting fatal injuries to the a bdominal region of the 
developing animal. Neverthe l e s s , the pre s e nt r esults a l ong with those 
obtained in other species indicate that motoneuron survival is dependent 
upon contact with the limb musculature. 
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(b) Partial limb amputation 
Amputation at the knee caused the loss of 25% of ipsilateral 
motoneurons. This less extensive cell loss coinciding with the partial 
limb bud removal is similar to that previously reported following 
similar experiments in aves (Laing, 1979) and amphibia (Lamb, 1979). 
Whilst the number of surviving motoneurons in the present 
experiments varied depending on the extent of the operation, the 
survival did not seem to be proportional to the amount of remnant limb 
as represented by either the weight or length of remnant bone. 
Hamburger (1934) and Laing (1979) have also reported that a relatively 
small amount of remnant limb tissue can sustain a disproportionately 
large number of motoneurons. Unlike the present study, they each 
quantified the limb musculature by measuring the weight of pieces of 
paper for which the outline was equal to the circumference of individual 
remnant muscles. However, since the measurements in both the present 
study and those of Hamburger (1934) and Laing (1979) were made well 
after the normal period of massive cell loss, they are not necessarily 
relevant to the mechanisms of cell survival. This is particularly 
important since it is most likely that the number of muscle fibres 
increases exponentially after the period of cell death, and that the 
muscle fibre types present during the period of cell loss may differ to 
those present afterwards (McLennan, 1982, 1983a). 
(c) Motoneuron diameters 
While excessive cell loss occurred, no difference was observed in 
either the mean diameter or the frequency distribution of the diameters 
of motoneurons on either side of the cord. This leads to the suggestion 
that neurons which survive are normal, healthy motoneurons. It appears, 
therefore, that as long as motoneurons are able to make stable, 
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functional contacts with the limb nusculature, they will develop 
normally. 
4. Projections of Surviving Motoneurons 
Virtually all reports of excessive motoneuron loss following limb 
bud amputation indicate that at least some ipsilateral motoneurons 
survive (Table 4.6). It is often concluded that neurons which survive 
are able to do so because of their contact with remnant musculature. 
Yet, rarely has any direct evidence been given to support this 
conjecture. Alternatively, it could be suggested that motoneuron 
survival is due to their contact with the normally inappropriate 
musculature of the trunk or contralateral limb, or to some feature of 
the intraspinal circuitry. Lamb (1980, 1981b, c) has tested some of 
these ideas in two series of experiments on Xenopus Laevis. The results 
of these experiments indicate that firstly, motoneurons are capable of 
innervating the contralateral hindlimb, and secondly, that bilateral 
hindlimb bud amputation causes the total loss of motoneurons in the 
lumbar spinal cord. As a result of these observations, Lamb (1981b) 
suggested that motoneurons may survive by innervating either the 
contralateral limb or the remnant muscle tissue. 
By undertaking a series of HRP injections into one or both 
hindlimbs, I have shown that all surviving motoneurons are limb 
innervating neurons. This observation agrees with those of Lamb 
(1981b). In addition, I have provided proof that neurons do not survive 
by innervating the contralateral limb. 
' 
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Table 4.6: Reports of motoneuron survival following limb amputation. 
Species Motor column 
Am2hibia 
Arri>lystoma. lumbar or brachial 
Ram pipiens lumbar 
Xenopus laevis lumbar 
brachia! 
Aves 
Gallus domesticus lumbar 
brachia! 
Mammals 
Rattus wr-vegicus lumbar 
Survival (%) 
<SO 
18 
60 
20-40 
10-20 
25 
50 
Reference 
Stultz, 1942 
Beaudoin, 1955 
Hughes and 
Tschumi, 1958 
Fortune and 
Blackler, 1976 
Hamburger, 1958 
Hamburger, 1958 
McLennan and 
Hendry, 1981 
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5. Selective Neuronal Loss 
Motoneurons were consistently and completely lost from the 
dorsolateral parts of the motor column following either operation. 
After amputation of the proximal thigh, cells were lost from both the 
ventral and dorsal parts of the motor column along the entire length of 
the column. After amputation at the knee, motoneurons were selectively 
lost from dorsolateral parts of the column. 
This was particularly noticeable at caudal levels where the motor 
column normally occupied a narrow band along the lateral part of the 
cord. These observations agree with those reported in aves and 
amphibia, in which partial amputation of the hindlimb bud causes the 
selective loss of motoneurons which normally innervate the amputated 
musculature (Lamb, 1981b; Whitelaw and Hollyday, 1983a). 
Additional evidence that supports the idea of selective neuronal 
l oss was obtained by retrogradely labelling the unoperated calf 
motoneurons with HRP and comparing their location with the distribution 
of cell loss on the operated side after proximal thigh amputation. 
Labelled cells were located in the dorsolateral part of the caudal third 
of the motor column. This region corresponds to that part of the cord 
from which cells were totally absent on the contralateral side. It also 
corresponds to a region in which Romanes (1942) reported the total 
absence of motoneurons in a single neonatal human that had suffered from 
unilateral congenital absence of the limb below the knee. 
The location of calf motoneurons in the wallaby, under normal 
conditions, will be examined in Chapter 5. However, calf motoneurons of 
other mammals do appear to be situated in the caudal and dorsolateral 
part of the motor column (Romanes, 1946, 1951; McHanwell and Biscoe, 
1979; Nicolopoulos-Stournaras and Iles, 1983). Based on the absence of 
-
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motoneurons from this region in the present study, it appears that 
neurons which were deprived of their normal target tissue were 
selectively lost. These results are similar to those reported in the 
chick embryo in which partial limb amputations caused the total absence 
of specific motor pools within the cord (Whitelaw and Hollyday, 1983a). 
6. Mechanisms of Cell Death 
The observations of specific neuronal loss following partial limb 
removal support the theory that 'each part of the peripheral field 
controls directly its own nervous center' (Hamburger, 1934). This 
theory suggests that each muscle controls the survival of neurons within 
each corresponding motor pool. Motoneuron survival may be dependent 
upon the nerve terminal making contact with an appropriate synaptic site 
or it may be reliant on an adequate supply of some neuronal growth 
factor. 
The present study, as well as those with similar experimental 
protocols in other vertebrates (Lamb, 1981b; Whitelaw and Hollyday, 
1983a), has examined nerve-target interactions in which a normal 
population of motoneurons have innervated a limited amount of target 
tissue. Lamb (1981b) reported that after partial limb removal, neurons 
which normally innervated the ablated musculature invaded inappropriate 
parts of the limb prior to their loss during cell death. It is 
possible, therefore, that calf motoneurons in the present experiments 
did have access to thigh musculature but that they failed to compete 
succ~ssfully with thigh motoneurons for either synaptic sites or trophic 
support. However, access to synaptic sites may involve more than simply 
a close proximity to the muscle. It is not clear whether axons whose 
normal target was missing were able to invade proximal muscles or to 
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form functional synaptic connections with normally inappropriate muscle. 
Under conditions in which the limb is rotated about the 
anteroposterior or dorsoventral axis, it appears that at least some 
motoneurons are able to form functional and stable synaptic connections 
with normally inappropriate nuscles (Stirling and Summerbell, 1979; 
Lance-Jones and Landmesser, 1981b; Summerbell and Stirling, 1981). The 
present experiments differ from these in that the appropriate 
motoneurons still had relatively normal access to the limb musculature, 
and axon pathways were also relatively normal. In addition, under 
normal conditions in aves, amphibia and rodents, most axons take a 
predictable pathway and only innervate their appropriate muscle (Lamb, 
1976, 1977; Landmesser, 1978a; Dennis and Harris, 1979; Dennis et aL., 
1981; Lance-Jones and Landmesser, 1981a). Therefore, in the present 
experiments motor axons most likely initially took their normal pathway. 
Neurons which innervate proximal- thigh nusculature would have 
taken their normal pathway and formed functional synapses with their 
normal nuscle tissue. Since the thigh nusculature was partially 
amputated in some experiments and since at least 65% of the thigh 
motoneurons were lost, there may have been an excessive amount of 
competition within the thigh muscles for either pathway cues, synaptic 
sites or trophic support. Under normal conditions in other vertebrates, 
nerve terminals which invade the appropriate muscle may form connections 
with inappropriate parts of that 1TUscle (Bennett and Lavidis, 1982, 
1984). 
death. 
These diffuse connections are lost during the phase of cell 
Following partial muscle amputation, therefore, motoneurons 
might compete for the grossly limited amount of muscle tissue and the 
survival of each individual motoneuron may be dependent upon either its 
physiological or chemical compatibility with an individual myotube. 
-
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Under either experimental protocol, calf and foot motoneurons most 
likely initially took their normal pathway. Upon arriving at the distal 
stump of the limb bud they may have either formed a neuroma or actively 
sought inappropriate muscle tissue. Since muscle innervation under 
normal conditions occurs in a proximodistal sequence (Romer, 1927; 
Taylor, 1943; Wortham, 1948; Bennett et ai., 1980, 1983; also see 
Chapter 2) the proximal muscles would have been innervated by their 
appropriate motoneurons before they were invaded by the inappropriate 
neurons. This may have limited the capacity of the foreign nerves to 
form synapses if the maximum number of synaptic sites was already 
occupied or ~if the initial functional connections had caused only a 
limited and localized release of trophic factor. 
Some experimenters have examined the effects of removing selected 
spinal segments on muscle innervation (Bennett et ai., 1979; Lamb, 
19 79a; Lance-Jones and Landmesser, 1980a). Under these conditions a 
motoneuron population which is smaller than normal invades a normal 
complement of limb musculature. The result is that a normal amount of 
cell death takes place at the remaining spinal levels and the 
musculature which is normally innervated by the deleted segments remains 
uninnervated. It could be concluded from these observations that 
motoneurons do not compete for either a limited number of synaptic sites 
or for a limited amount of generalized trophic factor. However, motor 
axons which project from each spinal level may be constrained by the 
presence of normal pathway cues and normal muscles. Thus, when given 
the choice between taking their normal pathway or an abnormal course to 
an uninnervated muscle, the growing axons consistently choose their 
normal pathway. This differs from the present study in that the normal 
pathway was not available, so the growing nerves may have been induced 
-
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to invade foreign musculature. 
Alternatively, it could be argued that some feature of the nerve 
pathway causes neuronal survival. If this is the case, then the 
selective neuronal loss may have been due to the abs ence o f certain 
pathway cues, for example the lack of trophic factor which may be 
derived from neuronal support cells. In support of this argument, NGF -
which is essential for the survival of immature sympathetic neurons 
(Hendry and Campbell, 1976) - has been located within Schwann cell in 
the iris of chicks (Rush, 1984). In addition, Schwann cells do appear 
to surround immature axon bundles prior to the phase of naturally 
occurring cell death in both mammals and amphibia (Peters and Muir, 
1959; Prestige and Wilson, 1980). 
However, in the present study only part of the normal pathway was 
ablated. If peripheral support cells are essential for neuronal 
survival and selectivity, then the necessary cells IIJ.lSt be located 
within the muscle nerve branches rather than in the major nerve 
trunks. While pathway cues may be important to guide axons to the 
appropriate muscles (Landmesser, 1978b; Lance-Jones and Landmesser, 
1980b, 1981b), it is difficult to imagine that neuronal survival would 
be controlled by support cells located in the distal parts of the muscle 
nerves but not in the major nerve trunks. Conceptually, it also seems 
unlikely that motoneuron survival would be controlled by cells located 
only in distal nerve branches rather than by the muscle cells with which 
they form synaptic connections. 
It could also be argued that neuronal survival is dependent upon 
selective afferent inputs. Motoneurons receive their afferent 
connections from several sources, including: muscle and joint receptors 
via the dorsal root ganglia, segmental input from other motoneurons 
----~-
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including those located on the contralateral side of the cord, and 
reciprocal afferent input from the corresponding muscle (Granit, 
1966). Since lumbar motoneurons will survive until after the period of 
normal cell death in the absence of long descending pathways (Bueker, 
1945b), and after lesion of the thoracic spinal cord or after neural 
crest ablation (Okado and Oppenheim, 1984), it seems unlikely that these 
pathways influence neuronal survival during the phase of developmental 
cell loss. 
Relatively little is known about the local spinal circuitry during 
early development. Ventral horn neurons do receive their initial 
axosomatic synapses prior to the period of cell loss in chick embryos 
(Oppenheim and Foelix, 1972; Oppenheim et ai., 1975). In addition, it 
appears that spinal interneurons are involved in the initial movements 
of amphibian hindlimbs (Kahn and Roberts, 1982; Roberts and Kahn, 
1 982). Some insight into the influences ·· of the local circuitry on 
neuronal survival may be obtained by comparing the survival of 
motoneurons on the unoperated side of the cord with that of the operated 
side and with control spinal cords. 
The present experiments show that there is no significant 
difference between the number of motoneurons on the unoperated side of 
the cord and the number present in control animals. This indicates that 
the excessive loss of cells on the operated side did not induce any 
changes to the numerical composition of the contralateral motor 
column. In a similar line of argument it could be predicted that 
afferent connections from both ipsilateral and contralateral neurons may 
have induced the survival of at least some neurons which had lost their 
peripheral target. However, this idea is incompatible with the 
observations of total loss of calf and foot motoneurons following 
··-- .. --
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amputation at either the proximal thigh or the knee. Therefore, these 
neurons were lost in the absence of their target tissue regardless of 
any intraspinal connections. 
7. Summary and Conclusions 
Unilateral amputation of the hindlimb of the tammar wallaby (M. 
eUJenii) at birth causes a massive depletion of lumbar motoneurons after 
the period of normal cell death. The extent of cell loss appears to be 
dependent upon the amount of limb tissue removed. In addition, the 
number of surviving motoneurons is not necessarily directly proportional 
to the weight or length of limb bone, or to the mass of muscle tissue 
present after the period of cell death, since the important regulator of 
cell survival is most probably the amount of muscle tissue present 
during the phase of cell loss. 
Total removal of all calf and foot musculature was consistently 
shown to produce the total loss of motoneurons which are normally 
located in the caudal and dorsolateral part of the motor column. This 
region most probably corresponds to the location of calf and foot 
motoneurons under normal conditions, and therefore the survival of cells 
within each motor pool seems to be dependent on the presence of the 
corresponding muscle mass. 
As shown by the retrograde labelling of cells with HRP, motoneurons 
which survived the operations innervated the remnant limb musculature 
rather than either non-limb muscles or the contralateral musculature. 
Furthermore, cell survival did not appear to be affected by the loss of 
cells which were either located within the contralateral spinal cord or 
which innervated physiologically associated muscles. This implies that 
neuronal survival was not affected by afferent inputs from the local 
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intraspinal circuitry. 
After partial limb amputation, therefore, the survival of 
motoneurons is dependent upon their innervation of the normally 
appropriate muscle. They do not have the capacity to survive by forming 
aberrant connections with normally inappropriate muscle, nor can they be 
sustained by some feature of the intraspinal circuity. 
These results are similar to those observed in other vertebrates. 
However, there are several very important features of the present series 
of experiments. Firstly, the results demonstrate the specific 
dependence of mammalian motoneurons upon the limb musculature which they 
normally innervate. Secondly, I have provided evidence that surviving 
motoneurons innervate the limb musculature located ipsilateral to their 
position within the spinal cord. This point has often been assumed but 
never proven in previous experiments. Finally, I have provided evidence 
that motoneurons do not survive, or die, because of some reciprocal 
interaction between motoneurons on either side of the cord. 
These results support the hypothesis, that the long-term viability 
of motoneurons is dependent upon the presence of limb musculature. 
Since I have also suggested that neuronal loss is specific, and that 
evidence for this idea is derived from the absence of cells which are 
most likely calf and foot motoneurons, the next series of experiments 
will examine the location of motoneurons which innervate specific 
regions of the hindlimb under normal conditions. This will test the 
idea that motor pools which were totally missing after the limb 
amputations normally innervate calf and foot musculature. 
- --
-
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CHAPTER FIVE 
MOTOR COLUMNS IN THE POUCH YOUNG SPINAL CORD 
166. 
INTRODUCTION 
As shown in the preceding chapters, the development of the 
neuromuscular system in the wallaby follows a simi lar seq uence of events 
to that of other vertebrates - muscle nerves invade individual muscles 
soon after cleavage of the pre-muscle masses, and this is followed by a 
period of massive neuronal death. An additional feature is that 
motoneurons which innervate individual muscles are aggregated within the 
cord. These aggregations are referred to as motor pools (Romanes, 1946, 
1951; Cruce, 1974; Landmesser, 1978a; McHanwell and Biscoe, 1979; 
Hollyday, 1980; Nicolopoulos-Stournaras and Iles, 1983). 
The approximate location of motor pools which innervate individual 
muscles or their homologues is fairly consistent between species. 
Although there appears to be an overlap in the positioning of motor 
pools along the rostrocaudal axis, motor pools which innervate thigh 
muscles tend to be located rostral to those which innervate calf and 
foot muscles. Similarly, laterally located motor pools innervate 
ventral muscles while medially positioned motor pools tend to innervate 
dorsal limb muscles (Romanes, 1946, 1951; Cruce, 1974; Landmesser, 
1978a; McHanwell and Biscoe, 1979; Nicolopoulos-Stournaras and Iles, 
1983). 
In the preceding chapter I reported the consistent loss of a group 
of motoneurons from the dorsolateral spinal cord following limb 
amputation at either the proximal thigh or the knee. Cells in the 
corresponding region of the cord, but on the unoperated side, were 
labelled following injections of HRP into the calf and foot 
musculature. Cells were also lost from the ventral part of the motor 
column after amputation at the proximal thigh. Considering that those 
-
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amputations removed all of the calf and foot musculature, and part of 
the dorsal and ventral thigh musculature, but did not affect the gluteal 
muscles, the analysis of the data would be aided if the location of 
motoneurons which innervate specific groups of limb muscles was known. 
The aim of this chapter, therefore, is to identify the number and 
distribution of motoneurons which innervate four specific muscle groups 
in the hindlimb of the wallaby - the gluteal, dorsal thigh, ventral 
thigh and calf and foot musculature. These observations will allow both 
a more thorough analysis of the results of the previous chapter, and 
comments to be made regarding the distribution of motoneuron groups 
relative to the muscles that they innervate. 
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MATERIALS ANO METHODS 
1. Horseradish Peroxidase Injections 
Nine pouch young wallabies, aged between 57 and 95 days postnatal, 
were each given unilateral injections of HRP (10% w/v, Boehringer Grade 
1) into specified muscle groups of the hindlimb. A summary of the 
injection sites and the volume of HRP administered is given in Table 
5.1. Two of these animals received several small injections of HRP so 
that the enzyme spread through the whole limb. HRP injections were also 
given into the ventral thigh of two animals, the dorsal thigh of two 
animals, and the calf and foot musculature of two other animals. One 
pouch young was given an injection of HRP into the gluteal musculature. 
The procedure for administering HRP was as follows. At an age 
after the period of developmental cell death (see Chapter 3), the pouch 
young was removed from the mother's pouch and anaesthetized with Ketalar 
(ketamine, 20mg/kg body weight) and Rompun (xylazine, 2.5mg/kg body 
weight). The hindlimb was then injected with a solution of 10% HRP 
dissolved in O. 9% sterile saline. Injections were made with either a 
lOul or SOul microsyringe. HRP was deposited into each of the muscle 
groups as a series of small injections, made through the skin and into 
different parts of each muscle group. This was done in order to ensure 
that HRP spread throughout the relevant IDJscle mass. After each 
injection, small brown deposits of HRP were observed near the injection 
sites. Each animal was then allowed to survive for an additional 24 
hours in a humidified incubator at 35°c (see Chapter 4) prior to 
termination of the experiment. 
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Table 5.1: Summary of the HRP procedure used with each specimen 
Muscle group Age (days) Volume of HRP (ul) 
Whole limb 
Gluteal 
Ventral thigh 
Ventral thigh 
Dorsal thigh 
Dorsal thigh 
Calf and foot 
Calf and foot 
69 
95 
75 
85 
73 
66 
66 
57 
Abbreviations: l.s. = longitudinal section 
t. s. transverse section 
40 
5 
30 
15 
30 
10 
10 
10 
Section 
l.s. 
t.s. 
l.s. 
t.s. 
l.s. 
t.s. 
t.s. 
t.s. 
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2. Fixation and Dissection 
After 24 hours survival, the pouch young were re-anaesthetized with 
Ketalar and Rompun, and fixed by transcardiac pe r fus i on with 2.5% 
g lutaraldehyde in 0.lM phos phate buffer at pH 7. 2 a nd 4°c. The 
lumbosacral spinal segments were exposed and the specimen post-fixed in 
the same fixative for 18-24 hours. 
3. Processing for Labelled Cells 
After post-fixation, the spinal cords were removed between Ll and 
S2 and transferred to a solution of 5% sucrose in 0.lM phosphate buffer 
at 4°c and pH 7.2. After one hour they were transferred to a solution 
of 107. sucrose for a further hour, then stored in 307. sucrose in the 
same buffer at 4°c for 24-48 hours. 
The cords from pouch animals were embedded in albumin/gelatin and 
frozen sections were cut at 36 m thickness. Frozen sections of the 
adult specimen were cut at 50um thickness between L4 and S2. All 
sections were stored in ice cold phosphate buffer, reacted with TMB and 
0.03% H2o2 (Mesulam, 1976a, b), and mounted from acetate buffer at pH 
3.3 onto gelatinized glass slides. After drying the sections at room 
temperature overnight they were counterstained in a solution of 1.0% 
neutral red in acetate buffer at pH 3.3. Sections were then rapidly 
dehydrated in graded alcohols, cleared in xylene and covers lipped as 
described in Chapter 3. 
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4. Cell Counts and Distributions 
The general procedures for counting labelled cells, obtaining mean 
cell diameters, and mapping the distribution of labelled cells were 
similar to those used in Chapter 4. Corrections for the poss ible double 
counting of split profiles were applied to each raw count (Abercrombie, 
1946). 
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RESULTS 
Following injections of HRP into the gluteal, ventral thigh, do rsal 
thigh and calf and foot muscle masses, labelled cells were located in 
the lumbosacral spinal cord. While most of the labelled cells from each 
experiment were located within discrete parts of the motor column, some 
lightly labelled cells were found in regions that contained heavily 
labelled cells after injections of other limb regions. This was 
particularly evident after injecting large volumes (30ul) into the 
dorsal or ventral thigh, and after injecting the gluteal region. Very 
few aberrant lightly labelled cells were found following smaller 
injections of HRP. 
It has been reported that neurons whose axon terminals are located 
distant to the injection site may become lightly labelled with HRP 
granules. This may result from the spread of HRP from the injection 
site such that the nerve terminals are surrounded by a low concentration 
of HRP (Jones, 1975). Since, in the present experiments, small amounts 
of HRP may have spread between muscle regions, I have only included 
heavily labelled cells in the cell counts. 
The number of cells labelled after each injection was determined 
after applying a correction factor for double counting of split cells 
(Abercrombie, 1946). The correction factors were obtained by using the 
neuronal diameters given in Table 5.2 and ranged between 0.72 and 
o. 77. The number of labelled motoneurons observed following each 
injection is also given in Table 5.2. 
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Table 5.2: A comparison of the mean diameter and number of HRP 
labelled motoneurons following each injection. 
Region 
injected 
Age 
(days) 
Whole limb 69 
Gluteal 95 
Ventral thigh 75 
Ventral thigh 85 
Dorsal thigh 73 
Dorsal thigh 66 
Calf and foot 66 
Calf and foot 57 
Calf and foot 77 
Sciatic ne r ve Adult 
* Control 80-91 
Number of Cell diam. 
(um ± S.E.) labelled cells 
ipsi. 
11.1 (±0.1) 8677 
11.8 (±0.3) 1068 
11.6 (±0.1) 4551 
10.0 (±0.1) 4310 
9.9 (±0.1) 2686 
9.4 (±0.2) 2875 
9.8 (±0.1) 3361 
9.1 (±0.1) 3348 
11.1 (±0.2) 2109 
19 . 2 ( ±0 . 5) 1560 
na 10560 
contra. 
Labelled 
Control(%) 
82.2 
10 .1 
43.1 
40.1 
25.4 
27.2 
31.8 
31.7 
20.0 
na 
* Control values were the mean of three counts of cresyl violet stained 
cells in uninjected specimens (see Chapter 3). 
Abbreviations: ipsi. ipsilateral side; contra. contralateral side 
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1. Gluteal Motoneurons 
Following small injections of HRP into the gluteal mus c le mass, 
approximately 1070 labe lle d ce lls were observed in t he mo t or column 
be twee n Ll a nd S2 (Table 5. 2 ; Figure 5.la). Th i s wa s the sma lle st 
population of cells to innervate any of the four muscle groups and 
represented approximately 10% of the total motoneuron population. 
Labelled cells were located in the caudal third of the motor column 
(Figure 5.2). At segmental levels two-thirds of the distance between Ll 
and S2 a few scattered labelled cells were observed at the dorsolateral 
border of the motor column. This group of cells expanded into an 
identifiable cluster of cells at the caudal third of the column (Figure 
5.3). 
2. Ventral Thigh Motoneurons 
Labelled motor pools most likely included those which innervate the 
adductor magnus, quadriceps femoris, and pelvic muscles which cross 
between the pelvis and the proximal femur. The population of ventral 
thigh motoneurons was larger than that for any other muscle group. 
Approximately 4560 cells were labelled in each pouch young and this 
represented 42% of the total population (Table 5.2). 
Neurons were heavily labelled with HRP reaction product along most 
of the rostrocaudal length of the motor column (Figures 5.lb, 5.2). 
Virtually all of the latera l motoneurons in the rostral third of the 
column were labelled. However, this population was clearly ve ry small 
when compared with the number of cells in the mid-regions of the 
column. In addition, Figures 5.2 and 5.3 show that the distribution of 
ventral thigh motoneurons is slightly rostral to the position occupied 
by the other motoneuron groups. 
Figure 5.1: A series of photomicrographs showing transverse 
sections of the lumbar spinal cord following 
unilateral injections of HRP into (a) the gluteal 
and (b) the ventral thigh musculat~re. Sections 
were reacted with TMB and H2o2 and counterstained 
with lo/. neutral red, scale bar - 1mm. 
Abbreviations: g - gluteal motoneurons; v - ventral 
thigh motoneurons. 
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A 
B 
Figure 5. 2: A series of graphs showing the number of labelled 
motoneurons plotted against the percentage distance 
along the rostrocaudal axis between Ll and S2 after 
injections of HRP into (a) the gluteal musculature 
at day 95, (b) the ventral thigh musculature at day 
85, (c) the dorsal thl~h 1n11-; c ul a ture at day 66 and 
(d) the calf and foot lll.lSculature at day 57. 
graph shows the count obtained from one animal. 
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A 
B 
C 
D 
20 40 60 
Percentage distance 
80 
S2 
S2 
S2 
100 
S2 
~ure 5.3: Diagram showing the distribution of labelled cells 
between Ll and S2 following injection of HRP into 
(a) the dorsal thigh at day 65, (b) the ventral 
thigh at day 84, (c) the calf and foot musculature 
at day 56 and (d) the gluterll ,nusculature at day 94, 
rln~ survival for an r\dditional 24 hours. Each 
c l rJse<l circle represents the posit ion of one 
labelled cell and e::lch cross-section illustrates the 
location of cells in one transverse section of the 
spinal cord of each 10 percentile region of the 
cord. 
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It appeared that all ventral thigh motoneurons were located along 
the ventrolateral region of the motor column (Figure 5.3). Rost rally, 
there were few ce l ls l a bel led, the ve ntral t high mo t oneuron g r ou p 
expanded midway be tween Ll and S2, and then dimini s hed in the caud a l 
third of the column. At the caudal levels, the position in the cord 
occupied by neurons which innervate the ventral thigh seemed to be 
replaced by cells which innervate the gluteal musculature. 
3. Dorsal Thigh Motoneurons 
Motoneurons which were labelled after injecting the dorsal thigh 
with HRP included those that innervate the hamstring muscles (biceps 
femoris, semitendinosus, semimembranosus) and the caudal femoralis 
muscle. This population of neurons was approximately 26% of the total 
number of neurons in the lateral motor column (Table 5.2; Figure 5.2). 
As shown in Figures 5.2 and 5.3 there was a large degree of overlap 
between dorsal thigh motoneurons and other motoneuron groups along the 
rostrocaudal axis. Labelled cells were located in the caudal two-thirds 
of the column (Figure 5.3). 
The column of dorsal thigh motoneurons became discernible midway 
along the rostrocaudal axis. Labelled cells were located medial and 
slightly dorsal to the position occupied by ventral thigh motoneurons 
and they seemed to maintain this position through to the caudal limits 
of the column (Figure 5.4). 
4. Calf and Foot Motoneurons 
Motoneurons which innervate the calf and foot rus culature were 
located along the same extent of the rostrocaudal axis as those which 
innervate the dorsal thigh (Figures 5.2, 5.3). The number of labelled 
Figure 5.4: A series of photomicrographs showing transverse 
sections of the lumbar spinal cord following 
unilateral injections of HRP into (a) the calf and 
foot and (b) the dorsal thigh muscle groups. 
Sections were reacted with TMB and tt2o2 and 
, 
counterstained with 1% neutral red, scale bar= 1mm. 
Abbreviations: c - calf and foot musculature; d -
dorsal thigh motoneurons. 
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cells present in the column was also similar to the number of dorsal 
thigh motoneurons (Table 5.2). 
Labelled cells were absent from the rostral third of the motor 
colu1IU1 but were located midway along the column, and dorsal to the 
dorsal thigh and ventral thigh motoneurons. Towards the caudal end of 
the coluam cells ceased to be located medially, and instead occupied a 
dorsolateral position along the edge of the grey matter (Figure 5.4). 
5. Size of Motoneurons 
The irean diameter of labelled cells was determined in each 
experiment in order to both calculate a correction factor (Abercrombie, 
1946), and to observe any differences in the cell sizes either within or 
between motoneuron groups. 
The mean diameter of labelled motoneurons ranged between 9.lum and 
11. Bum. Since there was a tendency for neurons in older animals to be 
slightly larger than those in younger animals it seems unlikely, from 
the available data, that there was any difference between the diameters 
of cells which innervate different hindlimb muscle groups (Table 5. 2). 
Based on the distribution of cell diameters observed after each 
injection, it seems that morphologically, there was only a single 
population of cells in each group (Figure 5.5). This point is important 
because the presence of more than one population of cells would have 
caused an increase in the cell counting errors, since the correction 
factor would have been inadequate. 
Flgu C'e S. S: A series of histograms showing the percentage of 
labelled cells plotted against the cell diameter of 
motoneurons that innervate (a) the gluteal, (b) the 
ventral thlgh, (d) the dorsal thigh and (d) the calf 
and foot musculature. 
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DISCUSSION 
1. Technical Considerations 
There are two major problems associated with the retrograde HRP 
procedure. Firstly, the spread of HRP from the injection site may cause 
excessive labelling of neurons whose axons terminals are not located 
near the injection site. Secondly, some appropriate neurons may not be 
labelled. 
Several authors have overcome the first problem by placing the 
proximal stage of cut nerves into a capsule of HRP (Kristensson and 
Olsson, 19 76; Burke et al., 1977; Nicolopoulos-Stournaras and Iles, 
1983; Baulac and Meininger, 1983). This procedure is useful when the 
aim is to label neurons which innervate individual lll.lscles or which 
project axons through specific nerve trunks, such as the sciatic 
motoneurons of the adult in the present study. However, the aim of the 
present study was to label cells which innervate limb regions, rather 
than individual nuscles, therefore I utilized the injection procedure. 
The use of this procedure avoided the necessity of isolating several 
individual muscle nerves, many of which are located deep within the hip. 
The total mean percentage of cells labelled in each of the four 
reg:i,on~ (105 ± 3%) was similar to the mean number of motoneurons found 
in Nissl stained sections (Table 5.2, cf. Table 3.3) It is likely, 
therefore, that all appropriate motoneurons were labelled after each 
regional injection. After whole limb injections, only 80% of the 
motoneurons were labelled, and those which were not labelled seemed to 
be localized to specific motor pools. This may have occurred if the HRP 
had failed to spread into some muscles after these injections. Similar 
results, but to varying extents, were found in the previous chapter 
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(Table 4.6) when 80-99% of cells were labelled after injections of HRP 
into the whole limb. 
2. Distribution of Motoneurons 
The location of motoneurons which innervate each 1IJ.Jscle group in 
the hindlimb of the wallaby is similar to that of other mammals 
including mice, rats and cats (Romanes, 1946, 1951; McHanwell and 
Biscoe, 1979; Nicolopoulos-Stournaras and Iles, 1983). Ventral thigh 
motoneurons tend to be located ventrolaterally and are the most 
rostrally located cells in the lateral motor column. Dorsal thigh 
motoneurons are observed predominantly in the caudal half of the motor 
column and tend to be located medially. Calf and foot motoneurons which 
pass into the limb via the sciatic nerve are also located in the caudal 
half of the motor column but are predominantly situated dorsolateral to 
the remainder of the motor column. This location was particularly 
noticeable in the caudal third of the column. In the wallaby, as in 
other mammals, the gluteal motoneurons are located ventrolaterally 
within the motor column and slightly caudal to the ventral thigh 
motoneurons. However, relative to the location of calf and dorsal thigh 
motoneurons, gluteal motoneurons tend to be located more caudally in the 
wallaby than in other mammals. 
The location of motor pools in mammals is very similar to that in 
aves and amphibia (Cruce, 1974; Landmesser, 1978a), and with the 
exception of gluteal motoneurons, motor pools which innervate proximal 
muscles tend to be located rostrally within the spinal cord. 
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3. Numbers of Motoneurons 
In the wallaby, muscles of the ventral thigh are innervated by a 
greater number of mot oneurons than muscles of any o the r l i mb reg i on, 
accounting for approximately 40% of the t o t a l mo t one u ron popula tion. 
The number of dorsal thigh and calf motoneurons are approximately equal, 
representing 26-28% of the population each, whereas the gluteal portion 
of the motor column contains far fewer cells than any of the other 
groups. This contrasts with the rat, in which iootoneurons that 
innervate calf and foot muscles represent approximately 50% of the total 
motoneuron population (Nicolopoulos-Stournaras and Iles, 1983). 
Furthermore, in the rat, there are approximately equal numbers of dorsal 
and ventral thigh iootoneurons and a relatively small proportion of 
gluteal motoneurons. 
These observations lead to the idea that the number of motoneurons 
which innervate individual muscles or muscle groups is dependent upon 
the size of the corresponding muscle. Cursory observations of the limb 
musculature of adult wallabies do not support this notion, since dorsal 
thigh muscles (innervated by 26% of motoneurons) appear much larger than 
the ventral thigh muscle mass (innervated by 42% of motoneurons). It 
seems, then, that some factor apart from muscle size may influence the 
proportion of motoneurons that innervate muscle groups in differing 
species. 
4. Discrimination of Motoneuron Groups 
It could be argued that motor pools are located in close proximity 
to other pools with which they are functionally associated. Thus, 
neurons which innervate synergistic muscles would be closely associated 
within the spinal cord. To some extent this idea has been supported by 
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observations in the present study as well as in other vertebrates 
(Romanes, 1946, 1951; Eccles and Lundberg, 1958; Granit, 1966, 1970; 
Cruce, 1974; Landmesser, 1978a; Mc Ha nwe ll a nd Biscoe , 1979; Ho llyd a y, 
1980 ; Nicolopoulos-Stournaras a nd Iles, 1983). In the prese nt s tud y , 
the functional association of synergistic motor pools is supported by 
observations that motoneurons which innervated each limb region were 
located as a cluster within the motor column. Thus, motoneurons which 
innervated ventral thigh muscles were located laterally; those which 
innervated dorsal thigh muscles were located medially; and those which 
innervated gluteal or calf muscles were also located as separate cell 
clusters. However, it is well ac ce pt e d that motoneurons can exert an 
influence on the activity of other motoneurons which may be l ocated 
several segments distant, and which may innervate either synergistic or 
antagonistic muscles (Eccle s a nd Lundbe rg, 19.'.>8; Granit, 1966). This 
indicat es that functional association does not necessitate that two 
motor pools be in close proximity to one another. 
It could also be argued that the distribution of motor pools is 
dependent upon the position of muscles within the adult limb. This is 
supported by observations of the location of dorsal and ventral thigh 
motoneurons relative to the position of the relative musculature. In 
addition, cells which innervate distal limb IDJSculature tend to be 
located caudally within the motor column. However, gluteal motoneurons, 
which innervate the most proximal group of limb 1DJscles, are located 
caudally. Indeed, gluteal motoneurons tend to occupy a caudal position 
in the motor column of a wide variety of vertebrates (Romanes, 1946, 
1951; Cruce, 1974; Lamb, 1976; Landmesser, 1978a; McHanwell and Biscoe, 
19 79; Hollyday, 1980; Nicolopoulos-Stournaras and Iles, 1983). 
Therefore, it seems that the location of motor pools is not solely 
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determined by the morphology of the adult limb. 
Landmesser (1978a) suggested that the location of motor pools was 
dependent on the embryonic origin of the muscle concerned - whether it 
is derived from the ventral or the dorsal pre-muscle. This suggestion 
has been supported by several reports that the innervation of 
appropriate muscle tissue is due to active rather than passive axonal 
growth. Under experimental conditions in which the spinal cord of chick 
embryos has been rotated about 1-2 segments, motor axons can take 
normally inappropriate pathways to innervate the appropriate muscle mass 
(Lance-Jones and Landmesser, 1980b). Similarly, after rotation of the 
limb bud about the dorsovent ral axis, approximately one-half of the 
motoneurons are able to take inappropriate pathways to innervate their 
normally appropriate DUscle mass (Stirling and Summerbell, 1979; 
Summerbell and Stirling, 1981; Lance-Jones and Landmesser; 1981b; 
Whitelaw and Hollyday, . 1983c). In addition, motoneurons which have been 
induced to project axons into the contralateral limb of Xenopus laevis 
appear to grow across normally foreign territory prior to innervating 
muscle tissue which is appropriate for their position within the spinal 
cord (Lamb, 1980, 1981c). These observations indicate that motoneurons 
may grow actively toward muscle tissue which is of a specific 
embryological origin. 
Embryologically, DUscle tissue is derived exclusively from the 
somitic mesoderm (Chevalier et al., 1977, 1978). After grafting 
individual somites from quail donors to chick embryo hosts, it has been 
reported that cells derived from the single somite may form part of the 
muscle tissue of more than one muscle but do not spread diffusely to the 
precursors of all limb muscles (Beresford, 1983). Considering that 
motoneurons at each segmental level innervate several auscles, the 
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location of motor pools may correspond to the segmental origin of 
somitic mesodermal cells which give rise to the appropriate limb 
musculature. 
Chevalier (1979) provided evidence that disputes this idea, in that 
somitic mesoderm, which were transplanted between spinal segments prior 
to the stage of limb formation, were able to form lllJscle tissue which 
was appropriate to the level of implantation rather than to its 
origin. The apparent discrepancy between these results and those of 
Beresford (1983), may have arisen because Chevalier's (1979) transplants 
were performed at stages 9-10 whereas Beresford's (1983) were at stages 
12-15. It is possible therefore, that somitic mesodermal cells become 
segmentally determined after stage 10. 
The evidence is overwhelming that during the phase of massive cell 
death, motoneuron survival is dependent upon making contact with the 
appropriate muscle. In the absence of specific muscle groups, motor 
pools which normally innervate these muscles are totally absent. In the 
present study, the number of motoneurons which normally innervate the 
calf and foot musculature is approximately equal to the number of cells 
lost after limb extirpation at the knee joint (see Tables 4.2 and 
5.2). In addition, the position from which motor pools are absent after 
limb extirpation, at either the proximal thigh or at the knee joint, 
corresponds to the location of calf and foot motoneurons under normal 
conditions (see Figures 4.10, 4.11 and 5.4). It seems, therefore, that 
in Chapter 4 all calf and foot motoneurons were lost after amputation at 
the thigh and were selectively lost after amputation at the knee. 
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5. Summary and Conclusions 
The results of this series of experiments showed that motoneurons 
which innervate particular muscle groups are seg r ega ted f rom those which 
innervate other DJJscle g roups. Cells which innerva t e ve ntral thig h 
muscles tend to be located laterally, and slightly rostral within the 
motor column. Cells which innervate dorsal thigh DJJscles are located 
medially, while in the caudal regions of the motor column, gluteal 
motoneurons occupy a ventrolateral locus, and calf and foot motoneurons 
are positioned dorsolaterally. 
The proportion of cells which provided innervation varied between 
muscle groups. Cells which innervated the ventral thigh musculature 
accounted for approximately 40% of the motoneuron population. Dorsal 
thigh and calf motor columns each contained approximately 25% of the 
population while gluteal motoneurons accounted for 10%. This 
distribution of cells differed to that observed in the rat 
(Nicolopoulos-Stournaras and Iles, 1983), and this may be a reflection 
of the differing amounts of usage of each muscle group between species. 
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CHAPTER SIX 
GENERAL DISCUSSION 
190. 
GENERAL DISCUSSION 
The aims of this thesis have been to examine the developmental 
history of motoneurons in an Australian marsupi a l, t he tammar wallaby 
(M. eugenii). Historically, the animals of choice for 
neuroembryologists have been aves and amphibia because their embryos are 
much more readily accessible than those of placental mammals. 
Marsupials are mammals and thus are biologically more closely related to 
higher placental mammals, including primates, than are non-mammalian 
vertebrates. In addition, marsupials provide one major concession to 
the embryologist which is not available with placental mammals, in that 
much of the immature animal's development takes place while in the 
mother's pouch, rather than within the uterus. Thus, the purpose of 
this thesis was to examine the wallaby motor system under normal and 
experimental conditions, and to evaluate the species as a model for 
additional studies of neuromuscular development. 
In Chapters 2 and 3, I reported observations on the development of 
the lumbar motor column and the hindlimb during normal development. In 
both the rat and wallaby, individual limb muscles were invaded by motor 
nerves on the same day as ll1lscle cleavage was observed. Based on 
observations of other species (Hamburger, 1977; Lamb, 1983) this enabled 
me to predict that motoneuron death in the wallaby should commence at or 
just prior to birth. This prediction was verified by two major 
observations, as reported in Chapter 3. 
Firstly, degenerating cells were found in the motor column from 
E26; and secondly, the number of viable cells in the motor column 
declined rapidly after birth. The phase of developmental cell loss 
continued until day 35, at which stage the number of cells in the motor 
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column appeared to plateau. However, the number of cells actually 
continued to decline by a further 30% between day 35 and adulthood. 
Thus the motoneuron loss was in fact biphasic. While the time-course of 
the initial phase has been well documented in the present study, it is 
not clear whether the second phase was completed prior to the wallaby 
leaving the pouch, or if it continued into adulthood. 
These observations of the developing motor column under normal 
conditions were, in . essence, the same as those made of non-mammalian 
species. In amphibia, cell death commences shortly after the first 
motor nerves invade the limb musculature, and the loss of cells from the 
motor column is accompanied by the appearance of pycnotic motoneurons 
(Hughes, 1961; Hughes, 1968; Prestige, 1970). Similarly in the wallaby, 
the appearance of pycnotic cells accompanied the loss of motoneurons. 
In addition, Prestige (1970) reported an overlap in the appearance of 
pycnotic and mitotic cells, and that during the phase of overlap, 
pycnotic cells tended to be located at rostral levels of the lumbar 
spinal cord while mitotic cells were located at more caudal levels. 
This indicates that caudal motoneurons, which were destined to innervate 
distal limb DUsculature (Cruce, 1974), may still have been in the 
mitotic phase when rostral cells, which had made contact with the 
proximal limb musculature, were entering the phase of cell death. 
In chick embryos cell death commences soon after neural invasion of 
the limb muscles, and is also accompanied by the appearance of pycnotic 
motoneurons (Hamburger, 197 5, 1977). Unlike neuronal loss in amphibia 
however, there does not seem to be an overlap in the phases of mitosis 
and cellular degeneration in the chick embryo (Hamburger, 1975, 1977). 
The situation in the wallaby is not clear, but assuming that cells which 
contain two nucleoli were early post-mitotic cells, it seems that there 
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was little, if any, overlap in the occurrence of pycnotic and mitotic 
cells. 
The developmental phase of motoneuron loss in placental mammals 
seems to have been less thoroughly studied than that of non-mammalian 
vertebrates. In the rat, motoneuron loss from thoracic and cervical 
spinal segments (Tl, T2, CS) begins shortly after the initial 
innervation of the intercostal 111.Jscles (Dennis et al., 1979; Harris, 
1981a, b, c; Harris and McCaig, 1984). This cell loss has not been 
correlated with the appearance of pycnotic nuclei and the time-course of 
cell loss has not yet been defined, although it may continue for up to 2 
weeks postnatal (Nurcombe et al., 1981). 
In the mouse, the developmental phase of cell loss in the lumbar 
motor column seems to commence by El2, soon after muscle cleavage 
(Lance-Jones, 1969), and continues until at least El8 (Flanagan, 1969; 
Lance-Jones, 1982), but possibly until postnatal day 3 (Romanes, 
1946). Whilst Lance-Jones (1982) did report the appearance of pycnotic 
cell profiles during the phase of developmental cell loss, no 
quantitative data has been published. 
The preceding paragraphs illustrate the similarities between the 
sequence of events in wallabies, placental mammals, aves and amphibia, 
that leads to and then culminates in the occurrence of a phase of cell 
death during development. In the present series of observations, cell 
loss continued to occur after the completion of this developmental cell 
loss, although the actual time-course of this phase of cell loss is not 
known. A second phase of motoneuron loss has also been reported to 
occur amongst brachia! motoneurons of the rat (Tada et al., 1979; 
Rootman et al., 1981), and lumbar motoneurons of the mouse (Baulac and 
Meininger, 1983). In each case cell loss continued from between 2-8 
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weeks of postnatal age until at least 50 weeks of age. Thus gradual 
cell loss in the rodents continued until well after the loss of 
polyneuronal innervation of the neuromu scu l a r j unction, whi ch is 
completed by 3 weeks of age (Redfern, 197 0 ; Rosenthal a nd Taraske vich, 
1977), and into adulthood. 
This time-course of events in rodents leads me to suggest that the 
prolonged phase of cell loss in the wallaby also continues after pouch-
life and into adulthood. If the number of motoneurons present during 
the intervening stages between days 80-91 and adulthood were known, a 
more reliable prediction of the duration of the prolonged phase of cell 
loss could be made. 
There have been no reports of a second phase of cell loss in either 
aves or amphibia. However, while cell counts of adult specimens have 
been made in amphibia (Hughes, 1968), no cell counts have been made in 
specimens aged more than a few days post-hatching in chicks (Hamburger, 
1977; Oppenheim and Major-Willard, 1978). It is therefore unclear 
whether the second, prolonged phase of motoneuron loss occurs in aves, 
or whether it is solely a feature of mammalian neural development. 
Regardless of the species in which it occurs, considering that it is not 
temporally associated with either the formation or stabilization of 
peripheral synaptic connections, perhaps the prolonged phase of cell 
loss is the result of the continued refinement of central synaptic 
pathways. 
The appreciation of the time-course of developmental cell loss 
provided an essential background to studies of the effect of limb 
amputation on neuronal survival. I reported in Chapter 4 that 
motoneuron survival was dependent upon the presence of the limb 
musculature. Furthermore, it appeared that, as well as variable numbers 
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of ventral motoneurons, a specific population of cells in the 
dorsolateral motor column was consistently lost after amputation at 
either the knee or the proximal thigh. This leads to the conclusion 
that motoneuron survival is specifically dependent upon the presence of 
the muscles that they normally innervate. Indeed, all the cells in the 
dorsolateral part of the motor column were found to innervate the 
musculature of the calf and foot, as reported in Chapter 5. These 
results and conclusions are in agreement with those reported following 
similar experiments in aves and amphibia (Lamb, 1981b; Whitelaw and 
Hollyday, 1983a), but are the first in a mammalian species to indicate 
that motoneuron survival during development is specifically dependent 
upon contact with their normal target tissue. 
The observations reported in this thesis indicate that the 
anatomical aspects of motoneuronal development in the tammar wallaby (M. 
eU3enii) are, in general, similar to those reported elsewhere for chick 
embryos, amphibia and rodents. These anatomical similarities indicate 
that the underlying mechanisms of neuronuscular development may also be 
similar, and that the wallaby would therefore be a useful experimental 
animal for 
observations, 
observing mammalian development. In the present 
the tammar wallaby at birth appeared to be at a similar 
stage of development as a rat fetus at ElS. The importance of 
marsupials as experimental models of mammalian development arises, 
therefore, from the relative immaturity of the neonate. Thus, thos e 
fea tures of de ve l opme nt wh ich can be mos t a dv a nt ageously examined in 
marsupials are thos e which occur postnat a lly in ma r s upials but 
prenatally in placental mammals. 
Processes concerned with axon growth, muscle cleavage and initial 
nerve-muscle connections would not be advantageously studied in the 
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wallaby. However, since the limb nusculature is still very immature at 
birth in the wallaby, the development of muscle, including the formation 
of neuromuscular junctions on later-forming myotubes, could be studied 
advantageously in this species. Similarly, it would be interesting to 
correlate the time-course of the loss of polyneuronal innervation of 
neuromuscular junctions with the time-course of embryonic motoneuron 
death in the wallaby. This process would be expected to occur wholly 
postnatally in the wallaby whereas, in the rat, the process commences 
prenatally and is completed postnatally. In addition, the interaction 
between the primary afferent, descending and intraspinal circuitry and 
other aspects of neuromuscular development, including cell death, could 
be studied advantageously in the wallaby. 
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APPENDIX I: RECIPE, O.lM PHOSPHATE BUFFER 
Disodium hydrogen phosphate (MW• 141.96) 
Potassium dihydrogen phosphate (MW• 136.09) 
Distilled water 
pH 7. 2 
116.4g 
24.5g 
10 L 
I 
I 
I 
• 
I 
: 
Ii 2 14 _ 
APPENDIX II: RECIPE, ACETO-FORMOL-ALCOHOL 
80% Ethanol 
Formalin 
Glacial acetic acid 
90ml 
5ml 
5ml 
100ml 
I 
I 
I 
I 
